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THE UNKNOWN 
 
As we know,  
There are known knowns.  
There are things we know we know.  
We also know  
There are known unknowns.  
That is to say  
We know there are some things  
We do not know.  
But there are also unknown unknowns,  
The ones we don't know  
We don't know. 
 
 
D.H. RUMSFELD, 
SECRETARY OF DEFENCE, UNITED STATES OF AMERICA 
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          PREFACE 8 
          PREFACE 9 
Viruses with a positive stranded RNA genome comprise the vast majority of viruses. 
Viruses with RNA as their genetic material can quickly adapt to and exploit varying 
conditions because of the high error rates of the virus RNA polymerases that replicate 
their genomes. It has been estimated that picornaviruses, the subject of this thesis, cause 
more than 6 billion infections yearly. Fortunately, the vast majority of these infections is 
self-limiting with no serious sequelae. However, the diseases range from the very serious 
(poliomyelitis, meningitis, heart disease, hepatitis) to the benign (common cold) and 
together, they cause enormous hardship in the human population.  Moreover, the vast 
incidence of infections by these highly adaptable viruses leads to the continuous 
emergence of new virulent strains. These may be either highly virulent leading to fatalities 
particularly in children (e.g. enterovirus 71) or they may have changed their pathogenic 
phenotype (e.g. the evolution of coxsackievirus A24, causing the common cold, into 
coxackievirus A24 causing acute hemorrhagic conjunctivitis to millions of humans in the 
nineteen seventies). Finally, epidemics caused by foot-and-mouth-disease virus (FMDV) 
or swine vesicular disease virus (SVDV) in livestock have had devastating economic 
consequences, as has become apparent in Europe only two years ago. 
 
Virus-induced diseases depend on the capability of the virus to replicate in the host-
cell. The replication of RNA viruses is also closely regulated by ingenious mechanisms 
carried out by large biomolecular complexes, i.e. molecular machines, composed of RNA 
and proteins, and involving various interactions. Insight into the assembly and action of 
such complexes is very limited. Hence, unraveling the mechanisms by which RNA viruses 
replicate is essential for a better understanding of viral reproduction, and accumulation, 
and virus-induced pathogenesis. This thesis was undertaken to gain more insight into 
these issues. As an approach the structure and function of two molecular mechanisms 
exploited by enteroviruses were investigated.  
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ENTEROVIRUS CLASSIFICATION AND PATHOGENESIS 
The genus Enterovirus belongs to the family of Picornaviridae, a family comprised of 
small, non-enveloped, lytic RNA viruses. As classified on the basis of shared pathogenic 
properties in both humans and animals, together with biophysical properties and 
phylogeny, the Picornavirus family consists of seven major genera; enteroviruses, 
rhinoviruses, cardioviruses, aphtoviruses, hepatoviruses, parechoviruses, and 
teschoviruses (Fig. 1). 
Picornaviridea
Enterovirus
Rhinovirus
Cardiovirus
Aphthovirus
Hepatovirus
Parechovirus
Erbovirus
Kobuvirus
Teschovirus
unassignedviruses
Poliovirus
Enterovirus-A
Enterovirus-B
Enterovirus-C
Enterovirus-D
Bovine enterovirus
Porcine enterovirus-A
Porcine enterovirus-B
Simian enterovirus-A
Simian enteroviruses
Swine vesicular disease virus
 
 
Figure 1: Classification of the Picornaviridae. The Picornavirus family consists of seven major genera. The 
enterovirus genus consists of ten species of which the individual serotypes are grouped. The Coxsackievirus B3 
belongs to the human enterovirus B (HEV-B) species. 
 
The enterovirus genus consists of the poliovirus species, the human enterovirus 
species A (HEV-A), HEV-B, HEV-C, HEV-D, and a number of animal enterovirus 
species (Fig.1). The model virus described in this thesis, the Coxsackievirus B3, belongs 
to the HEV-B species. Enteroviruses are common human pathogens. The vast majority of 
enterovirus infections is self-limiting and elapses asymptomatically. However, 
enteroviruses have also been identified as etiological agents of febrile illnesses, 
respiratory illnesses, paralytic poliomyelitis, polioencephalitis and aseptic meningitis and 
associated with a number of chronic inflammatory diseases as myocarditis and insulin-
dependent type 1 diabetes (43;74).  
 
GENETIC ORGANIZATION OF THE ENTEROVIRUS GENOME 
Enteroviruses contain a single-stranded RNA genome of positive polarity of 
approximately 7,500 nucleotides. A small virus-specific protein termed VPg (3B) is 
covalently attached to the 5’-terminus of viral RNA (Fig. 2). The genomic RNA contains 
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a single large open reading frame, preceded by a long 5'-nontranslated region (5’-NTR or 
5’-NCR, 750 nucleotides) and followed by a short 3'-NTR (75-100 nucleotides) and 3’-
poly(A) tail.  
 
 
 
Figure 2: Schematic overview of the enterovirus genome. Depicted is the 7.5 kb single-stranded RNA genome 
with a VPg moiety covalently attached to the 5’-terminus and the poly(A) tail to the 3’ nontranslated region. The 
cis-acting replication element (cre) within the P2 coding region is also shown. Following translation, processing 
of the major constituents of the polyprotein (P1, P2 and P3 region) yields various individual viral products and 
precursors. 
 
The 5’NTR is composed of two spatially distinct segments: the 5’-cloverleaf structure 
formed by the first 100 residues of the virus genome is a specific structural element on 
which a functional ribonucleoprotein (RNP) complex is assembled involved in replication 
initiation (see “the OriL” below) (4;5). The second highly structured RNA segment 
designated the internal ribosome entry site (IRES) is essential for the initiation of virus 
RNA translation via a cap-independent mechanism.   
Translation of viral RNA yields a single polyprotein of approximately 220kDa that is 
cleaved solely by virus-encoded proteinases (2Apro, 3Cpro and 3CDpro) into a variety of 
intermediate and mature proteins required for capsid formation (structural proteins) and 
RNA replication (nonstructural proteins). This polyprotein coding region can be divided 
into three primary region. The P1-region encodes the four structural proteins (viral protein 
(VP)1, VP2, VP3 and VP4) required for the assembly of the icosahedral shell in which 
nascent virus RNA is encapsidated. The P2 and P3 regions encode the nonstructural 
proteins 2Apro, 2B, 2C, 3A, 3B(VPg), 3Cpro and 3Dpol and the stable cleavage 
1 
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intermediates 2BC, 3AB and 3CDpro which might function different from their constituent 
parts. Additionally, the P2 region harbors a cis-acting replication element (cre) within the 
2C-coding segment required for RNA replication (see”OriI”below) (33). 
The enterovirus 3’NTR contains a higher order RNA structure (for details see “OriR” 
below) ensuring an efficient initiation of RNA replication on the 3’-poly(A) tail 
(54;67;86).  
  
THE REPLICATIVE CYCLE 
The enteroviral infectious cycle involves a number of distinct steps, which ultimately 
results in lysis of the cell (Fig. 3). Enteroviruses enter the cell via a cell surface receptor 
(e.g. polioviruses bind to CD155 and the Coxsackie B3 virus to the coxsackie-adenovirus 
receptor (CAR)(70). Once the viral RNA is released into the cytoplasm, a cellular enzyme 
cleaves the 5’-terminal VPg moiety from the RNA (1;2). IRES-mediated initiation of 
translation leads to the synthesis and processing of the polyprotein to yield the virus 
proteins. Ultimately, the system has to switch from translation to replication in order to 
produce progeny RNA (28).  It has been postulated that once a critical concentration of 
viral proteins is reached, 3CDpro binds to the 5’-cloverleaf structure and represses RNA 
translation by inhibiting ribosome internalization by the IRES. Virus replication is a two 
step process starting with the synthesis of a negative RNA strand, complementary to the 
virion RNA, resulting in a double stranded intermediate, which is subsequently used as a 
template for the synthesis of progeny viral RNA (detailed description is presented below). 
The viral RNA-dependent RNA-polymerase (RdRP) 3Dpol catalyzes both positive- and 
negative-strand RNA synthesis in a primer-dependent fashion (26).  
 
 
Figure 3: Overview of the enterovirus life cycle. An enteroviral infection starts with the binding to a specific 
receptor. After uptake, the viral RNA is released into the cytoplasm where it is immediately translated. The 
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single large polyprotein generated is processed into the structural capsid protein and nonstructural proteins. Viral 
RNA is used as a template for the synthesis of a complementary minus strand, which serves as a template for 
progeny RNA synthesis. These are encapsidated and newly formed virus particles are released via lysis of the 
host cell. 
 
RNA synthesis takes place in specialized compartments, the replication complexes, 
present at the outer surface of virus-induced membrane vesicles (Fig. 4) (10). Isolated 
membranous vesicles contain both single-stranded RNA and the double-stranded 
intermediates, RI and RF (9;12) implying that both steps in virus RNA replication are 
membrane dependent. In vivo primer formation (see “OriI” below) has also been found to 
dependent on the presence of intact membranes (27;77;78). More recent findings even 
suggest that the formation of replication complexes requires coupled RNA translation, 
vesicle formation and RNA synthesis (24). The RNA binding activity of the 2CATPase 
protein is thought to facilitate viral RNA binding to the replication vesicles (7;72). Several 
roles have been ascribed to these replication vesicles i.e. i) acting as a scaffold in order to 
assemble the replication complex and ii) to concentrate the viral replication proteins at the 
site of RNA synthesis, but the exact role in virus replication remains unclear (23). 
 
 
 
Figure 4: Electron micrograph of a replication vesicle. Rosette of virus-induced vesicles (V) surrounding a 
granular structure containing the replicating viral RNA, thus representing the actual replication complex (RC). 
This image is kindly provided by Dr. K. Bienz, University of Basel, Switzerland.  
 
Newly synthesized RNA that is released from the replication complex may be used in 
another round of translation and replication, or is encapsidated to produce infectious virus 
particles. Finally, virus-induced lysis of the host cell accounts for the release of virus 
progeny. 
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GENOME REPLICATION 
Enteroviruses utilize a unique replication mechanism to efficiently generate new viral 
progeny from their positive-strand RNA genomes. This mechanism involves several 
RNA-protein and protein-protein interactions. A more detailed description by which 
enteroviruses replicate their RNA is provided in the next sections.  
 
NEGATIVE-STRAND RNA SYNTHESIS 
RNP formation on the 5’-cloverleaf structure terminates translation and promotes 
replication (28). Initiation of replication has to commence at the 3’-terminal poly(A) tail 
of positive RNA strands to ensure the full-length synthesis of complementary minus-
strands and subsequent progeny RNA. Prior to the initiation of negative-strand RNA 
synthesis the enterovirus genome adopts a circular conformation mediated by PABP, 
which interacts with the 3’-poly(A) tail on the one hand and with PCBP and 3CDpro bound 
to the 5’-cloverleaf structure on the other (8;40) (Fig. 5A). VPg is covalently linked to the 
5’-terminus of minus-strand RNA, implying that the initiation of negative-strand RNA 
synthesis requires either VPg or a VPg-containing precursor (58). The uridylylated form 
of VPg (VPgpUpU) found in infected cells has been proposed to prime the initiation of 
negative-strand RNA synthesis (19).  
 
AAA
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A
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PCBP
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P 3Dpol
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3CDpro
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3AB
3CDpro 3CD
pro
A2
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UUUUUUU
3D
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+
-
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Figure 5: Model representing enteroviral negative-strand RNA synthesis.  An RNP complex formed around 
the 5’-terminal cloverleaf structure interacts with PABP bound to the 3’-terminal poly(A) tail. 3CDpro cleaves a 
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membrane bound 3AB to yield VPg and 3A. One model suggests that VPg is uridylylated by 3Dpol on the OriI, a 
reaction catalyzed by 3CDpro(5A1). The produced VPgpUpU is then transferred from the OriI to the 3’-poly(A) 
tail by a ”jumping-back” mechanism (5A1). An alternative model suggests that VPg is uridylylated by 3Dpol on 
the 3’-poly(A) tail (5A2). VPgpUpU serves as a primer for 3Dpol, which executes the transcription of a 
complementary RNA strand (5B), ultimately resulting in a double stranded RNA termed the replicative form 
(5C). 
 
The covalent linkage of UMPs to VPg is executed by 3Dpol by a process that called 
protein priming (64) using either the OriI located within the 2C coding region (63) (Fig. 
5A1) or the 3’-poly(A) tail (64) (Fig. 5A2) as a template. A “jumping-back” mechanism 
of VPgpUpU, possibly in concert with 3Dpol, from the OriI to the 3’-poly(A) tail is 
speculated to accommodate the initiation of negative-strand RNA synthesis of the former 
(Fig. 5A1) (63). The RNA chain elongation activity of 3Dpol is stimulated by 3AB, the 
precursor of VPg, implying that a larger replicase complex is responsible for transcription 
in vivo (44;45;61)  (Fig. 5B). Using virion RNA as a template, 3Dpol transcribes negative-
strand RNA resulting in the formation of a genome length double stranded RNA molecule 
termed the “replicative form” (RF) (21;93)  (Fig. 5C).  
 
POSITIVE-STRAND RNA SYNTHESIS 
To initiate positive strand RNA synthesis on the 3’-terminus of minus strand RNA 
this end of the double stranded RF molecule has to be destabilized (Fig 6A). The 
enterovirus 2CATPase protein, which shares a motif specific for the superfamily III of 
helicases (35), was postulated to carry out this reaction but helicase activity has not been 
detected for this protein yet (71). Although, in vitro studies reported that 3Dpol exhibited 
helicase activity (18), the factor mediating the destabilization of the 5’-positive/ 3’-
negative RF end remains elusive. After destabilization, genomic and anti-genomic 
cloverleaf structures are formed on the positive and negative RNA strands, respectively 
(5). Protein interactions, i.e. 3CDpro on the positive strand (4) and heterogeneous nuclear 
ribonucleoprotein C (hnRNP C) (15) in concert with 2CATPase (7) on the negative strand, 
would stabilize these RNA structures in order to expose the two 3’-terminal adenosine 
residues at which positive-strand RNA synthesis is initiated (Fig. 6B). A membrane bound 
precursor of VPg is uridylylated (77;79), cleaved and elongated by 3Dpol using negative-
strands as a template. Reiterative destabilization of the 5’-positive/ 3’-negative RF end 
induces the catalysis of multiple rounds of positive-strand RNA synthesis (59) thereby 
generating a partially double and partially single-stranded RNA molecule, called the 
“replicative intermediate”, (RI) (6) (Fig. 6C). This molecule consists of a core genomic 
length RNA of negative polarity and various numbers of incomplete nascent RNA 
differing in length (16). Newly synthesized virion RNA is displaced from its 
complementary negative-strands by upcoming progeny RNA through the duplex 
unwinding activity exhibited by 3Dpol during strand elongation (18).  
1 
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Figure 6: Model representing enteroviral positive-strand RNA synthesis. The 5’-positive/ 3’-negative RF 
end is destabilized (6A) resulting in the formation of RNP complexes on both the positive- and the negative 
RNA strand (6B). 3CDpro cleaves the uridylylated membrane bound 3AB protein into 3A and VPgpUpU, while 
3CDpro itself undergoes autoprocessing yielding 3C pro and 3Dpol (6B). VPgpUpU interacts with two 3’- terminal 
adenosines of the minus strand and is elongated by 3Dpol, an activity possibly stimulated by a membrane bound 
3AB.  Reiterative destabilization of the RF end results in the simultaneous transcription of various progeny 
RNAs from a single minus-strand (6C). 
 
THE VIRAL RNA DEPENDENT RNA POLYMERASE 3DPOL  
Two picornaviral proteins are directly involved in both steps of viral RNA synthesis, 
VPg (3B), in its uridylylated form serving as the replication primer and the viral RdRP 
(3Dpol), forming the core of the replication machinery. The overall topology of the RdRP 
can be compared to a cupped hand with “fingers”, “palm”, and “thumb” domains (Fig. 7) 
(38;81) . The fingers and thumb domains are involved in nucleic acid binding and the 
palm domain, exerted by its conserved motifs, is involved in nucleotide binding and 
phophoryl transfer  ((17) and references therein). Oligomerization of 3Dpol has been 
observed in crystal structures by two extensive interacting surfaces termed interface I and 
II (38;41;47). The biological role of oligomerization became apparent both in vitro as in 
vivo when upon destabilization of interface I the cooperative binding of 3Dpol to RNA 
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diminished and subsequently also the polymerase activity (41;62). Opposed to interface I, 
interface II mutations directly affect the polymerase activity (41).  
 
Figure 7: Crystal structure of the enteroviral polymerase. The individual subdomains are colored as follows; 
thumb: blue, index: green, middle: brown, ring: purple, pinky: red and palm: grey. The fingers (index, middle, 
ring and pinky) and thumb subdomains are involved in nucleic acid binding and the palm subdomain, exerted by 
its conserved motifs, is involved in several alternate functions (for details see text). Polymerase activity is 
dependent on 3Dpol oligomerization involving interface I  and II. Interface I is formed via the back of the palm of 
one molecule and the back of the thumb of another. Interface II corresponds to the back of the fingers of one and 
the top of the thumb of another. For full colour figure see page:152 
 
The picornavirus polymerase exhibits a low fidelity resulting in a high mutation rate 
within the genome. This high mutation rate is suggested to create a “cloud” of potentially 
beneficial mutations at the population level, known as quasi-species, allowing the 
adaptation to rapidly changing environments (3;20;25). 
Although 3Dpol is the central component of the replication machinery function, besides 
RNA elements (described below), other viral and/or cellular proteins are required to assist 
the 3Dpol positioning to the 3’- terminal ends of both negative-and positive RNA strands 
prior to RNA transcription. With exception of the 3Cpro, 3Dpol has been found to interact 
with all stable P3-derived proteins (87) and both 3AB and 3CDpro can even modulate 
various activities of 3Dpol in vitro (44;45;68). Sam68, a nuclear protein that relocalizes to 
the cytoplasm during an enterovirus infection ((36;37) and references therein), has also 
been shown to interact with 3Dpol (50). 
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CIS-ACTING REPLICATION ELEMENTS 
The plasticity of RNA molecules is beyond imagination and results in many different 
shapes specifically required to fulfil their abundant functions. Some sequences may fold 
into a structure that is compact and rigid and other sequences are designed to be flexible to 
maximize interactions with ligands. While coding capacity lies in its sequence, complex 
RNA folding determines features as location, stability, inter/intramolecular interactions, 
catalytic activity etcetera. Knowledge about the structure-function relationship remains, 
however, still scarce. 
To facilitate genome replication, RNA structures dubbed cis-acting replication 
elements are present within the virus genome. Two of these RNA elements are located at 
the termini of the genome, referred to as OriR and OriL, and a third one, the OriI, is 
located within the coding region (33). Additionally the IRES element has been shown to 
contain sequences required for RNA replication. The structural and functional properties 
of these elements are described below. 
 
THE ORIL (5’-CLOVERLEAF)  
The enterovirus OriL spans approximately the first 90 residues of the 5’-NTR and its 
secondary structure, composed of a helical element (stem a) and three stem-loop elements 
(termed b,c and d), resembles a cloverleaf (CL, Fig. 2,). The OriL has been shown to form 
a specific RNP complex of which the viral protein 3CDpro is bound to stem-loop d 
(4;29;60;89)  and the cellular protein Poly-(rC) Binding Protein (PCBP) 2 or its splice 
variant PCBP1 (11) to stem-loop b (4;29;60). This RNP complex is required (i) to mediate 
the above mentioned switch from translation to replication (28), (ii) to support VPgpUpU 
synthesis (48), (iii) to induce the circular conformation prior to initiation of negative-
strand RNA synthesis (8;40), and (iv) for the initiation of positive-strand RNA synthesis 
(5). Viral proteins 3AB and 3CDpro, which interact with each other both in vivo (87) and in 
vitro (57), form an alternative 5’-RNP complex (39;88) speculated to be required for the 
initiation of positive-strand RNA synthesis (39). Both proteins 3AB and PCBP2 have 
been shown to interact with stem-loop b (28;39) but whether these two proteins interact 
simultaneously or compete at different steps of RNA replication for this stem-loop is still 
unknown.  
 
THE IRES ELEMENT 
Although the ultimate function of the IRES (Fig. 2) is to bind a ribosome in a specific 
orientation, sequences and RNA elements within the IRES are required for RNA 
replication. Using dicistronic RNAs deletion of large parts of the IRES and a more 
specific 3-nt deletion within stem-loop V abolished RNA replication (13). Recently, stem-
loop (SLII) was found to be a cis-acting replication element since a deletion mutant mildly 
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affected translation but severely affected RNA replication via its inability to bind an 
unknown cell-type specific cellular factor (14;42).  
 
THE ORII (INTERNAL CIS-ACTING REPLICATION ELEMENT) 
The recently discovered control element OriI (or cis-acting replication element; cre) 
resides within the coding sequence opposed to the OriL and OriR. The position of the 
OriI within picornavirus RNA varies, the poliovirus OriI was located within the 2C-
coding region (33), the human rhinovirus (HRV) 14 in VP1 region (51;52), the HRV 2 in 
the 2A region (30) and the Mengovirus OriI is located within the VP2 region (46). 
Opposed to all picornavirus OriIs found thus far, the foot-and-mouth disease virus OriI is 
located within the 5’NTR (49). The OriI function (see below) was found to be position-
independent (33;46;92)  and the OriIs of different genera can be successfully exchanged 
suggesting a common evolutionary conserved function (30). The high resolution structure 
of the HRV14 OriI points to a stem-loop conformation with an imperfect stem and a 14 nt 
loop (Fig 8A) (80). Mutational analysis of the loop-region provided an entero- and 
rhinovirus OriI consensus sequence R1NNNNA5A6R7NNNNNR14 (meaning R= purine; 
N= any residue) (90) (Fig. 8A), in which the A5 and A6 residues are the primary 
templating nucleotides for the covalent linkage of UTP to the hydroxyl group of a tyrosine 
residue in VPg, yielding both VPgpU and VPgpUpU (30;34;63;69). VPgpU(pU) synthesis 
is catalyzed by 3Dpol but requires the presence of 3CDpro (30;34;63;69;91) and is executed 
via a ‘slide-back” mechanism (65;69). In the first step, a UTP is linked to VPg by 3Dpol 
using A5 as a templating residue (Fig. 8A). This is followed by a slide-back of the 
VPgpU- 3Dpol complex to hydrogen bond with A6 (Fig 8B). In the final step, the second 
UTP is added again using A5 as a template (Fig. 8C). Therefore, A5 mutations result in the 
aberrant nucleotidylation of VPg, e.g. C5= VPgpG) (65;69).  
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Figure 8: OriI loop consensus sequence and “slide-back” mechanism of VPg uridylylation. A schematic 
representation of the top part of the enterovirus OriI containing a large 14-nt loop. Depicted is the consensus 
sequence (for details see text) (A). Proteins 3Dpol, 3CDpro and VPg form a complex with the OriI (B). Using A5 as 
a template, 3Dpol catalyzes the formation of a phosphodiester bond between UMP and the hydroxyl group the 
tyrosine in VPg (A). VPgpU slides back and hydrogen bonds with A6 and a second UMP is added to VPgpU 
using A5 again as a template (C). 
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Although synthetic VPg suffices for in vitro VPgpUpU synthesis, in vivo VPg 
uridylylation strictly dependents on the presence of intact membranes (27;77;78). Protein 
3AB has also been found to directly associate with membranes (76;78;84). Therefore, 
3AB or a 3AB containing precursor, and not VPg itself, is probably the source for in vivo 
uridylylation. This is supported by the findings that 3A mutations within the hydrofobic 
and membrane binding domain affected VPg uridylylation and inhibited RNA replication 
(31;32).  
 
THE ORIR (3’NTR-POLY(A) TAIL) 
A third enterovirus replicative cis-element, the OriR, comprises the 3’-NTR of the 
viral RNA and the 3’-poly(A) tail. Secondary structure predictions suggest that the 
conformation of the OriR consists of three hairpin domains (X, Y and Z) in which a small 
part of the 3’-poly(A) tract is considered to be included in the X domain. A putative small 
helical element, the S-domain, consists of an RNA- RNA interaction of four nucleotides 
between the 5’- proximal part of the poly(A) tail and a oligo(U) tract located just upstream 
of the terminator codon (Fig. 9A). The OriR contains a higher-order RNA structure 
maintained by an intramolecular kissing interaction between the two helical elements X 
and Y (54;56;66;67;86) and can be viewed as being composed of two elongated coaxially 
stacked helices, Y and Z on the one hand and the other consists of the K, X and S 
elements (Fig 9B).  
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Figure 9: Structure models of the coxsackievirus B3 3’NTR. The secondary (A) and the tertiary (B) structure 
of the coxsackievirus 3’NTR consists of three hairpin structures designated X, Y, and Z. Also a helical structure 
S can be formed that closes the 3’NTR. This domain results from an interaction between the most distal U 
stretch of the coding region and the 3’-poly (A) tail. An interaction between the loops of the X- and Y domain 
(represented by the interconnecting lines in A), results in the higher order RNA-structure termed “kissing” (K-
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domain). Single-stranded regions connect both superhelical domains which result from the Y-Z and K-X-S 
stacking  (B). 
 
The mutual orientation of the two coaxial elements Y-Z and K-X-S  also appeared to 
be an important structural feature (53). The functional significance of this higher-order 
RNA structure for virus propagation is evident since mutations destroying this interaction 
or changing the mutual orientation of its helical elements (54;67;86) resulted in a 
significant loss of fitness. This loss of fitness was concluded from the acquisition of i) 
lethal phenotypes, ii) temperature sensitive phenotypes, i.e. recovered viruses that where 
affected in their virus replication efficiency compared to wild-type CVB3 at elevated 
temperatures and iii) quasi-infectious phenotypes, i.e. the recovered viruses contain a 
nucleotide reversion (54;67;86). Since the 3’-poly(A) tail, ubiquitously present on mRNA 
in cells, cannot solely provide the specificity to direct the viral replication machinery to 
the viral RNA, it was postulated that the 3’NTR was also required to initiate negative-
strand RNA synthesis (54;67). In mengovirus and FMDV the 3’-NTR was indeed found to 
be indispensable (22;75). Genomic and partial deletions of the entero- and rhinovirus 
3’NTR, however, still generated viable viruses, suggesting that in these viruses the 3’NTR 
played a more regulatory role in RNA replication (74;83).   
Proteins of viral (e.g., 3AB-3CDpro complex) (39) and cellular (e.g. p34-36) (55;82) 
and nucleolin (85) origin have been found to interact with the enterovirus 3’NTR 
suggesting that the OriR exerts its function via the formation of a RNP complex. The 
exact role of the OriR in entero- and picornavirus replication is yet to be established. 
 
AIM AND OUTLINE OF THE THESIS 
The experiments described in this thesis were undertaken to study the functional role 
of two cis-acting replication elements within the CVB3 genome, i.e. the OriI and OriR in 
both steps of RNA replication and to further analyze structural determinants of the latter. 
 It has been known for decades that both negative- and positive RNA strands present 
during enterovirus RNA replication are VPg linked (58) and that infected cells contain the 
stable VPgpUpU moiety (19). Recently, the OriI was found as the site of this protein-
primer synthesis (63). The experiments performed in Chapter 2 were undertaken to 
characterize the CVB3 OriI and investigate the role of the OriI in negative- and positive 
strand RNA synthesis.  
It has previously been shown that the OriR contains a higher order RNA structure 
(54;67). Additionally, the mutual orientation of both superhelical domains, Y-Z and K-X-
S, also appear to have an important function in viral RNA replication (53). The role of the 
single-stranded regions interconnecting both superhelical domains within the OriR is 
investigated in Chapter 3.  
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Early reports already showed that enterovirus negative-strand RNA synthesis is 
initiated on the homopolymeric 3’-poly(A) tail and that the complementary 5’-poly(U) tail 
in negative stranded RNA might be shorter than the 3’-poly(A) tail in viral RNAs (21). 
The initiation site of negative-strand RNA synthesis on the 3’-poly(A) tail is investigated 
in Chapter 4. This chapter also describes the investigation to ascertain the role of the OriR 
in the initiation of negative-strand RNA synthesis and in polyadenylation of viral progeny 
RNA.  
The coxsackievirus B3 OriR contains a human enterovirus-B specific element, known 
as the Z-domain. A functional analysis of this domain, using an in vitro and in vivo 
approach, is described in Chapter 5.  
A major structural difference between the poliovirus and coxsackievirus OriR is the 
spacing between the superhelical domains, Y-X and K-Y. Mutational analysis of this 
region yielded a reversion within the 3Dpol coding region, causing an amino acid 
substitution. The functional analysis undertaken to study the effect of this reversion on 
coxsackievirus propagation is described in Chapter 6.  
The experimental data described in this thesis are summarized and discussed in 
Chapter 7. 
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SUMMARY 
A stem-loop element located within the 2C-coding region of the coxsackievirus B3 
(CVB3) genome has been proposed to function as a cis-acting replication element (CRE). 
We have shown that disruption of this structure indeed interfered with viral RNA 
replication in vivo and abolished uridylylation of VPg in vitro. Site-directed mutagenesis 
demonstrated that the previously proposed enteroviral CRE consensus loop sequence, 
R1NNNAAR2NNNNNNR3, is also applicable to CVB3 CRE(2C) and that there exists a 
positive correlation between the ability of mutant CRE(2C)s to serve as a template in the 
uridylylation reaction and the capacity of these mutants to support viral RNA replication. 
To further investigate the effects of the mutations on negative-strand RNA synthesis, we 
made use of an in vitro translation / replication system containing HeLa S10 extracts. 
Similar as observed for poliovirus and rhinovirus, we found that a complete disruption of 
the CRE(2C) structure interfered with positive-strand RNA synthesis but not with 
negative-strand synthesis. All CRE(2C) point mutants affecting the enteroviral CRE 
consensus loop, however,  showed a marked decrease in the efficiency to induce negative-
strand synthesis. Moreover, a transition (A5G) regarding the first templating adenosine 
residue in the loop was even unable to initiate complementary negative strand synthesis 
above detectable levels. Taken together, these results indicate that the CVB3 CRE(2C) is 
not only required for the initiation of positive-strand RNA synthesis but also plays an 
essential role in the efficient initiation of negative strand RNA synthesis, a conclusion 
which has not been reached previously using the cell-free system. 
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INTRODUCTION 
Coxsackie B viruses, belonging to human enterovirus B cluster of the Picornaviridae 
family, are small non-enveloped viruses with a single stranded 7.5 kb RNA genome 
containing a 3’-poly(A) tail. The genomic organization consists of one large open reading 
frame flanked by non-coding regions (NCR) at the 5’and 3’termini. Virus replication is a 
two step process commencing with the synthesis of a complementary negative- strand 
from virion RNA, which then serves as a template for the generation of a large number of 
progeny positive-strand RNAs (42). Essential for viral RNA replication are cis-acting 
replication elements located at both the 5’NCR and 3’NCR of the viral genome. The 
cloverleaf structure present at the 5’-terminus of the virus genome is a multifunctional 
element that interacts with viral and cellular proteins to form a ribonucleoprotein (RNP) 
complex that is required for the initiation of both negative and positive strand RNA 
synthesis (2;13). Additionally, this RNA structure has been suggested to be involved in 
mediating the switch from viral translation to replication (6) and also plays a role in the 
uridylylation of the viral protein VPg (16). Studies have shown that the 3’NCR forms a 
complex "kissing" RNA interaction, which is required for virus replication (19;20;23;34, 
41). Interaction between the RNP complexes formed at the 5’- and 3’-termini of the viral 
genome has been proposed to induce a circular conformation required for the initiation of 
negative-strand RNA synthesis (4;13). 
The identification of a cis-acting replicating element (CRE) located within the coding 
region of the picornaviral genome (7;9;15;17;18) presented an additional RNA structure 
required for virus replication. The conformation of these CREs, based on computational 
and biochemical analysis, is a hairpin structure containing a terminal loop of mostly 14 
nucleotides (nt) (10), very recently confirmed by NMR spectroscopy (37), although in 
different picornaviruses the size of the loop may vary (7;44;45). Sequence homology 
within the loop present in all CREs described thus far is consistent with the following 
consensus sequence 5’-AAACA-3’ (36). In poliovirus and human rhinovirus 2, the first 
two adenosine residues within this consensus are the residues essential for the covalent 
linkage of UMP nucleotides to VPg, resulting in the extended viral peptide primer 
VPgpU(pU) (7;30;32;36). By studying the human rhinovirus 14 CRE(VP1), Yang et al. 
extended this research and postulated a common R1NNNAAR2NNNNNNR3 motif 
(R=A/G and N= any nucleotide) for the loop of rhinovirus and enterovirus CREs (44), a 
conclusion confirmed for poliovirus (45). Because positive as well as negative RNA 
strands are VPg-linked (28;33) it was proposed that the CRE is required for the initiation 
of both steps of RNA replication (30;36). Recent reports, however, showed that a 
structurally disrupted CRE mutant retained the capacity to induce negative-strand RNA 
synthesis in a cell-free translation / replication system, suggesting that the CRE is only 
required for positive-strand RNA synthesis (11;25;26). 
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This study was undertaken to examine the structural and functional requirements of 
the coxsackie B3 virus (CVB3) CRE(2C) in RNA replication. CRE(2C) loop mutants 
were analyzed for their capacity to serve as a template for VPg uridylylation and to induce 
negative and positive strand synthesis using HeLa S10 extracts. Here, we provide 
evidence that the CVB3 CRE(2C) is involved in the initiation of both negative and 
positive strand RNA synthesis.  
 
RESULTS 
IDENTIFICATION OF THE COXSACKIE B3 VIRUS CRE(2C)  
Based on homology with poliovirus it has been suggested that the coxsackievirus B3 
(CVB3) CRE is located within the 2C coding region (Fig. 1A) (9;30;36;43). Experimental 
evidence however, has not yet been provided. The corresponding region was predicted by 
M-fold to form a hairpin structure with a terminal loop region of 14 nucleotides (Fig. 1B). 
In order to investigate whether this RNA structure is indeed required for CVB3 
replication, silent mutations designed to disrupt the stem were introduced (distortion 
mutant, CRE(2C)-DM, Fig. 1C).  
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Figure 1: Coxsackievirus CRE(2C) and RNA replicons. A) Schematic representation of the coxsackievirus 
genome. VPg (3B) is covalently linked to the 5’-end of coxsackieviral RNA. The RNA contains a 5’NCR 
consisting of two functional domains, the cloverleaf and the IRES followed by a single open reading frame 
coding for a single polyprotein and a 3’NCR with a poly(A) tail. The polyprotein contains a structural (P1) and 
two nonstructural domains (P2, P3), which are processed to the different proteins as indicated in the shaded box. 
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The location of the CVB3 CRE(2C) element within the coxsackievirus genome is also depicted. B) A 
representation of the secondary structure of the CVB3 wild-type CRE(2C) from nt 4365 to nt 4425 in the 2C 
protein coding region as predicted by M-fold. The CRE(2C) folds into a hairpin structure containing a loop of 14 
nt and an imperfect stem. The silent mutations introduced to disrupt the CRE(2C) structure are indicated as bold 
characters. C) Two structural predictions, as proposed by M-fold, of the disrupted CRE(2C) mutant (DM). The 
introduced silent mutations are indicated in bold characters.  
 
Transfection of this RNA into susceptible BGM-cells abolished virus production, an 
observation indicating the significance of this RNA structure for virus replication (data 
not shown). Testing the CRE(2C)-DM in a construct in which the capsid coding region 
was replaced by a luciferase gene, showed no increase in luciferase activity above 
translational levels of the input RNA as determined in the presence of guanidine 
hydrochloride (GuHCl), thereby indicative of a defect in RNA replication (Fig. 2A).  
Poliovirus and rhinovirus CREs have been described as the primary templates 
required for VPg uridylylation (7;11;30;44). This prompted us to establish whether the 
CVB3 CRE(2C) is the primary site for VPgpU(pU) synthesis as well. Full-length genomic 
RNA transcripts, containing either a wild-type CRE(2C) or the DM mutant, were used as 
templates together with purified CVB3 3Dpol, 3CDpro, VPg and Mg2+ in an in vitro 
uridylylation assay. Using full-length genomic RNA transcripts, wild-type RNA was able 
to support VPg uridylylation in the presence of both 3Dpol and 3CDpro, while no detectable 
amount of uridylylated VPg was observed upon distortion of the CRE(2C) structure (Fig. 
2B). These results suggest that the CVB3 CRE(2C) is indeed the primary template for 
VPg uridylylation. 
 
DISRUPTING THE COXSACKIEVIRUS B3 CRE(2C) STEM-LOOP STRUCTURE DOES NOT 
AFFECT NEGATIVE-STRAND RNA SYNTHESIS 
A cell-free translation / replication system, originally described for poliovirus (24), 
has been used to analyze the effect of gross distortions of the CRE element structure on 
negative-strand RNA synthesis (11;25;26). To ascertain whether CVB3 transcript RNA is 
able to function as a template for RNA replication using the cell-free system, CVB3 
transcript RNA containing different 5’-ends was used (Fig. 2C). RNA containing the 5’- 
hammerhead ribozyme (HR) sequence (12), which after transcription produces RNA with 
authentic 5’-termini, efficiently produced both negative-stranded (replicative form; RF) 
and positive-stranded RNA (replicative intermediate; RI and ssRNA). Absence of this HR 
sequence produces CVB3 transcripts that contain two non-viral guanosine residues at their 
5’-terminus, which only produced RF RNA (12) and therefore efficiently blocked the 
accumulation of RI and ssRNA during the 2 hour incubation period (Fig. 2C). No bands 
were observed when CVB3 HR transcripts were incubated in the presence of GuHCl 
indicating that the cell-free system only displays viral RNA production (Fig 2C). It has 
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previously been described that rearrangements of the CRE structure did not interfere with 
the accumulation of negative-strands (11).  
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Figure 2: Identification of the CVB3 CRE(2C) A) Replicons, in which 
the capsid coding region is replaced by a luciferase gene, incubated in the 
presence or absence guanidine-hydrolchloride (+GuHCl) or containing the 
CRE(2C) distortion mutant, CRE(2C)-DM, were transfected into BGM-
cells. 10 hours post-transfection, cell-lysates were harvested and assayed for 
luciferase activity as described in Materials and Methods. Each column 
represents the mean of five independent experiments and the standard 
deviation is indicated. B) Uridylylation of VPg in vitro using genomic 
CVB3 RNA transcripts containing a wild-type (WT) or a CRE(2C)-DM as 
template. Where indicated 3CDpro was omitted from the reaction mixtures. 
The in vitro uridylylation products were separated on a TRIS-Tricine-SDS-
PAGE gel, visualized using autoradiography. C) In vitro replication assay 
using wild-type CVB3 RNA containing a 5’-hammerhead ribozyme 
sequence incubated in the absence (HR) or in the presence of GuHCl 
(+GuHCl) and a ribozyme negative construct which after RNA 
transcription, using T7 RNA polymerase, gives rise to transcript RNA 
containing two non-viral guanosine residues at the 5’-terminus (GG). D) In  
vitro replication assay using RNA derived from ribozyme negative constructs containing a wild-type or the 
CRE(2C)-DM as described in Materials and Methods. The mutants are indicated above the autoradiogram 
and RF accumulation was quantified by measuring the [32P]-UMP incorporation using a PhoshorImager. All 
values were normalized to wild-type RNA. E) In vitro replication assay using wild-type (WT) or the 
CRE(2C)-DM (DM) HR transcript RNA. As a control wild-type CVB3 RNA incubated in the presence of 
GuHCl is shown (WT+GuHCl). 
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In order to quantify the amount of complementary strands produced by coxsackievirus 
RNA using HeLa S10 extracts, we used RNA transcripts containing two non-viral 
guanosine residues at their 5’-terminus. Wild-type RNA produced a band corresponding 
to the replicative form (RF) of RNA replication. Accumulation of this band was abolished 
upon addition of guanidine-hydrochloride (GuHCl), an observation demonstrating that 
this band is indeed of viral origin (compare WT with WT+ GuHCl, Fig. 2D). In HeLa S10 
extracts CRE(2C)-DM RNA also accumulated RF, indicating that negative-strand RNA 
synthesis in this mutant is not inhibited (Lane DM, Fig. 2D). Quantitation indicated 
CRE(2C)-DM RNA to accumulate comparable amounts of RF at the measured time-point 
as wild-type (Fig. 2D). In contrast to wild-type transcript containing a cis-acting HR 
sequence, pre-initiation replication complexes programmed with CRE(2C)-DM RNA 
containing a HR sequence produced only the RF band but no progeny positive-strand 
RNA accumulation was observed (Fig. 2E).  
The results described above suggest that under the conditions of the experiments 
CRE(2C) derived VPgpU(pU) is required for the initiation of positive- but not for 
negative-strand RNA synthesis. 
 
EFFECT OF CRE(2C) POINT MUTATIONS ON REPLICATION EFFICIENCY   
A functional analysis was undertaken to determine if the consensus sequence for the 
apical loop postulated by Yang et al. (44) is also applicable to the CVB3 CRE(2C). 
Subsequently every nucleotide involved in this consensus sequence was substituted for 
almost all other nucleotide possibilities and additionally the coxsackie B specific 
A5AAUG9 loop sequence was substituted for the consensus AAACA sequence (consensus 
mutant, CM) to ascertain the relevance of the CVB3 specific U8G9 residues (Fig. 3B) (36). 
Since point mutational analysis of the CRE(2C) at its original 2C location faces 
complications due to amino acid changes in the 2C protein and the CRE function is 
described to be position independent (9;45), a HR-CRE(Art)-construct was devised 
containing the CRE(2C) distortion mutant at the original 2C position and a second 
artificial CRE at the junction of the P2 region and the luciferase gene, which replaces the 
capsid coding region (Fig. 3A). Also, a cis-acting hammerhead ribozyme sequence was 
introduced in order to generate RNA transcripts containing authentic 5’-ends (12). This 
construct enabled a mutational analysis of the CVB3 CRE(2C) for its function in RNA 
replication, without altering the amino acid sequence of CVB3 2C-protein. In vitro 
transcribed RNA was transfected into susceptible BGM-cells and at 10 h post-transfection 
luciferase activity was measured as described (39). Substituting the coxsackievirus 
specific AAAUG sequence for the consensus AAACA motif showed wild-type-like 
luciferase activity (Lane CM, Fig. 3B).  
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Figure 3: RNA replication and uridylylation efficiency of CVB3 CRE(2C)  point mutants. A) The HR-
CRE(Art) was generated to assess replication capabilities of CRE(2C) mutants. The P1 region is substituted for 
the firefly luciferase gene. Wild-type or mutant CREs are introduced between the luciferase gene and the 2A 
junction, using a cloning cassette. Simultaneously an additional 3CDpro cleavage site was introduced to ensure 
release and activity of the luciferase polypeptide from the polyprotein. The CRE(2C) at its original 2C position 
was disrupted using silent mutations as depicted in Fig. 1C. Additionally a hammerhead ribozyme (HR) 
sequence was inserted downstream of the promoter sequence to generate RNA transcripts containing 5’-
authentic ends. B) Luciferase activity of HR-CRE(Art) RNA transcripts described above were transfected into 
BGM-cells. Each column represents the mean of five independent experiments and the standard deviation is 
indicated. A luciferase replicon that solely contained the CRE(2C)-DM was used as a negative control (DM) and 
mutant CM is the substitution of the CVB3 AAAUG sequence for the picornaviral consensus sequence AAACA. 
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Sequence above the graph represents the loopregion of the CRE(2C) and the arrows indicate the nucleotides that 
have been substituted. The bold adenosine characters could not be substituted for any other nucleotide. C) 
Determination of uridylylation efficiency using short RNA transcripts of wild type and mutant CRE(2C) as 
templates. The amounts of  [α-32P] UMP incorporated into the VPgpU and VPgpU(pU) products was quantified 
using a PhosphorImager. An autoradiogram of the reactions are shown above. 
 
Alterations affecting the adenosine triplet showed that A7 can only be replaced by 
another purine, whilst for A5 and A6 no substitutions were permitted (Fig. 3B). 
Substituting A5 for a uridine residue, which results in the introduction of a stopcodon 
(UAA), is included as a negative control for further studies described below. In this assay 
however, no conclusions can be drawn for this mutation with respect to virus replication. 
Purine residues at the extreme ends of the CRE(2C) loop sequence were proposed by 
Yang et al. to be required for rhinovirus and enterovirus replication (44). Substitutions 
regarding G1 were in accordance with this consensus as only a transition to an adenosine 
was able to replicate. Interestingly, residue A14 can both be substituted by a guanosine and 
an uridine, although the uridine substitution displayed a reduced replication efficiency 
compared to the guanosine substitution. This difference in replication efficiency, when 
comparing the A14U with the A14G transition, might be explained by alternative folding of 
the loop, as a result of non-canonical basepair formation (M-fold prediction), opposed to 
changes in the primary CRE sequence (data not shown). 
In summary, the structure of the CVB3 CRE(2C) loop resembles previously examined 
picornavirus CRE-elements and is in accordance with the consensus sequence proposed 
by Yang et al., with the exception of nucleotide A14 that can be substituted by a guanosine 
as well as a uridine residue.  
 
EFFECT OF CRE(2C) POINT MUTATIONS ON VPG URIDYLYLATION EFFICIENCY  
The capacity of CVB3 CRE(2C) mutants to support VPg uridylylation was tested 
using short mutant CRE(2C) transcript RNAs, representing only the CRE(2C). 
Uridylylation efficiencies were quantified as described in materials and methods. 
Consistent with the results obtained using genomic RNA transcripts, a short transcript 
containing only the CRE(2C) distortion mutant (Fig. 1C) was unable to support 
uridylylation above detectable levels (Lane DM, Fig. 3C). Substituting the AAAUG9 
sequence for the AAACA9 consensus motif only showed a slight decrease in uridylylation 
efficiency compared to wild-type (Lane CM, Fig. 3C). In general, mutants which were 
able to support RNA replication (Fig. 3B) also showed efficient VPg uridylylation (G1A, 
A7G, U8C/A, A14G/U and CM, Fig. 3C). Interestingly, lower levels of uridylylation did 
not always correlate with reduced levels of RNA replication, as shown for mutants U8C 
and U8A (Compare Fig. 3B with 3C). The reason for this might be that the uridylylated 
products are made in large excess over what is used for RNA synthesis (26). No 
VPgpU(pU) synthesis above background levels, however, could be detected for G1C, 
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A7C/U and A14C substitutions and any of the A5 and A6 mutants (Fig. 3C), which were 
also defective for RNA replication (Fig. 3B). Therefore, it can be concluded that 
uridylylation of VPg is essential for viral RNA replication. 
 
EFFECT OF CRE(2C) POINT MUTATIONS ON NEGATIVE-STRAND RNA SYNTHESIS 
To ascertain the effect of CRE(2C) point mutations on RF synthesis  we used a 
construct from which RNA transcripts are derived containing two non-viral guanosine 
residues at their 5’-termini, termed GG-CRE(Art), (Fig. 4A) allowing us to specifically 
evaluate and quantify the effect of CRE(2C) mutations on RF synthesis (12). A very good 
correlation was observed between the 32P-UMP labelling of the 28S ribosomal RNA 
(rRNA) band and the EtBr-staining of the gel, which allowed us to quantify RF 
accumulation irrespective of loading, by determining the ratio between the 28S rRNA 
band (12) and synthesized viral RF.  
Since a completely distorted CRE(2C) structure produced wild-type like RF levels 
which therefore was not or could not be used as a negative control (Fig. 2C) (25;26), it 
was rather unexpected that the majority of the CRE(2C) substitutions regarding the 
enterovirus consensus sequence did not accumulate wild-type-like RF levels. Mutants 
positive for both luciferase activity (Fig. 3B) and VPg uridylylation (Fig. 3C) 
accumulated, albeit with different efficiencies, the highest levels of RF synthesis (G1A, 
A7G, U8C/A and A14G/U, Fig. 4B). Only the U8 mutants, a residue not belonging to the 
consensus sequence, showed wild-type RF production (U8C/A, Fig 4B). In general, a good 
correlation was observed between the luciferase activity and the efficiency of RF 
synthesis using these mutants (compare Fig. 3B and 4B). VPgpUpU defective point 
mutations accumulated RF synthesis only to approximately 20% of that of wild-type 
CVB3 RNA (G1C, A5C, A6G/C/U, A7C and A14C, Fig. 4B), whereas the VPgpUpU 
defective A5G mutant was even unable to support RF synthesis above detectable levels 
(Fig. 4B). The fact that point mutants reduced in VPgpUpU accumulation were affected in 
RF accumulation already suggests that CRE(2C) derived VPgpUpU is also utilized to 
initiate negative-strand RNA synthesis. Because inhibiting RF synthesis by introducing a 
stopcodon (A5U, Fig. 4B) displayed similar results as the A5G transition, it was concluded 
that this latter mutant was defective for negative-strand RNA synthesis. This, again in 
contrast to previous reports (11;25;26), implies the necessity for the CRE(2C) in positive 
but also in negative-strand RNA synthesis. Additionally, GG-CRE(Art) transcript RNA 
containing a completely distorted CRE(2C) with an additional A5G mutation, still 
produced wild-type RF levels concluding that the dominant negative effect of the A5G 
transition is only functional in the context of a wild-type CRE(2C) structure (Fig. 4C). 
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In summary, all CRE(2C) point mutants affecting the enteroviral CRE consensus 
sequence, so excluding U8A/C, showed a marked decrease in their capacity to support 
negative-strand synthesis. Therefore, it can be concluded that these results ascribe an 
important role to the coxsackievirus CRE(2C) in the initiation of both positive- and 
negative-strand RNA synthesis. 
 
Figure 4: Effect of CRE(2C) mutations on RNA 
strand synthesis. A) GG-CRE(Art) transcript RNA 
synthesized with T7 RNA polymerase from plasmids 
lacking a 5’- terminal hammerhead ribozyme. These 
transcripts carry a non-viral pppGG dinucleotide at their 
5’- terminus. B) Pre-initiation complexes prepared as 
described in Materials and Methods, were incubated 
with transcript RNA derived from ribozyme deletion 
constructs containing a translocated CRE(2C) (see Fig. 
4A). The tested mutants are indicated above the 
autoradiogram and both the 28S ribosomal RNA band as  
 
the RF accumulation were quantified by measuring the [32P]-UMP incorporation using a PhoshorImager. 
All values were corrected for RNA loading as described in Materials and Methods and normalized to wild-
type RNA. C)  In vitro replication assay using GG-CRE(Art) transcript RNA containing either a wild-type, 
the CRE(2C)-DM or CRE(2C)-DM-A5G mutant in the mutation cassette. The mutants are indicated above 
the autoradiogram and RF accumulation was quantified by measuring the [32P]-UMP incorporation using a 
PhoshorImager. All values were normalized to wild-type RNA. 
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DISCUSSION 
This study describes the presence of a cis-acting RNA element within the CVB3 2C 
gene, termed CRE(2C), that functions as the template for VPg uridylylation in vitro and 
that is required for the initiation of both positive- and negative-strand RNA synthesis. The 
CRE(2C) is predicted to fold into an imperfect stem with a large loop-region of 14 nt, 
containing a coxsackie B-cluster specific 5’-AAAUG-3’ sequence. Substituting this 
sequence for the consensus sequence found in all CREs described thusfar, 5’-AAACA-3’ 
(30;44), did not significantly affect the VPg uridylylation efficiency or RNA replication. 
Characterization of the CVB3 CRE(2C) loop showed that the proposed entero- and 
rhinoviral consensus sequence (R1NNNAAR2NNNNNNR3), extrapolated from sequence 
alignment studies and extensive mutational analysis of the rhinovirus-14 CRE(VP1) loop 
region (44;45), is also applicable to the CVB3 CRE(2C) loop sequence because mutations 
that interfered with this consensus sequence affected CVB3 VPg uridylylation and RNA 
replication to a similar extent. 
Consistent with previous reports, a mutant in which the CRE(2C) structure was 
completely disrupted still supported efficient negative-strand RNA synthesis in vitro 
(11;25;26). This suggested that, under the conditions of the experiment, CRE-mediated 
VPg uridylylation is required for positive-strand but dispensable for negative-strand RNA 
synthesis. However, we also found a direct correlation between CRE(2C) point mutants 
producing lower, but detectable, amounts of VPgpU(pU) and reduced RF levels affected 
to a similar extent. These latter results suggest that CRE(2C) derived VPgpU(pU) is also 
involved in the initiation of negative-strand RNA synthesis. In correlation, CRE(2C) point 
mutants unable to support VPg uridylylation to a detectable level, also showed a severe 
defect in RF accumulation. In addition, the A5G transition that affects the first templating 
adenosine residue was found to completely abolish RF synthesis (Fig. 4B).  
How can we explain these observations? Very recently Crowder and Kirkegaard (5) 
reported using poliovirus CRE(2C) mutants that a dominant negative effect is observed on 
wild-type poliovirus replication using CRE(2C) pointmutants but not when the CRE(2C) 
has been completely disrupted. This suggests that RNA containing a complete CRE(2C) 
distortion mutant, opposed to point mutants, utilizes an alternate mode of RNA 
replication, which is so distinct from wild-type poliovirus replication that it does not 
interfere. Since RF synthesis, in the absence of detectable levels of VPgpU(pU) was 
observed in the cell-free system using RNA containing a completely distorted CRE(2C) 
structure, it was previously suggested that this alternate mode of replication might involve 
the 3’-poly(A) tail. This homopolymeric stretch might serve as the alternative template for 
the covalent linkage of uracil residues to VPg (11;25;26), which was based on the findings 
that negative-strand RNA synthesis is VPg-dependent (28;29) and poly(A) templates 
supported VPg uridylylation in vitro (31). 
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A wild-type CRE(2C) structure sequesters replication proteins (45) and the formation 
of such protein-RNA interactions are most probably affected upon distortion of the 
CRE(2C) structure. Absence of this RNP complex in a genome containing a completely 
distorted CRE(2C) structure might favour the 3’-poly(A) tail as the alternative template 
for the covalent linkage of UMP to VPg in vitro. The inability to detect free VPgpUpU 
within purified replication complexes might imply that VPg is immediately elongated into 
complementary negative RNA strands (26). A number of CRE mutants unable to 
accumulate detectable levels of uridylylated VPg, still retained the ability to induce RF 
synthesis (e.g. G1C, A6C/G/U, A7U/C and A14C). Therefore, it can be speculated that these 
mutants also utilize the proposed alternative, 3’-poly(A) tail dependent, mechanism to 
induce negative-strand RNA synthesis. However, whereas the CRE(2C) distortion mutant 
showed wild-type levels of RF synthesis at the measured time-point, RF accumulation 
was severely reduced in CRE(2C) mutations affecting the enterovirus consensus 
sequence. Also, in contrast to the CRE(2C) distortion mutant, the G1C, A6C/G/U and 
A7U/C substitutions all maintain a wild-type CRE(2C) conformation, which we propose 
still enables them to sequester the proteins required for VPg uridylylation. As shown 
previously for poliovirus, A6 substitutions still produced VPgpUpU, albeit with reduced 
efficiency, which might support this speculation (32). Although the A14C mutation is 
predicted by M-Fold to adopt an alternative conformation due to a GC basepair formation 
between the G1 and C14 residue, this mutant was found in poliovirus not to be reduced in 
protein binding (45) and might therefore still be able to produce VPgpUpU. Additionally, 
Nayak et al. (27) show that A6 and A7 mutations displayed higher uridylylation activities 
in the context of full-length RNA compared to short hairpin RNAs, concluding that the 
template used in the uridylylation reaction determines both the specificity and efficiency 
of the assay. In summary, we speculate that the CRE-dependent uridylylation mechanism 
prior to negative-strand synthesis is strongly favoured when the CRE-structure is intact.  
Using purified components [CRE(2C), VPg, 3Dpol, 3CDpro], poliovirus VPg 
nucleotidylylation has been found not to be stringently dependent upon an AAACA motif 
in the CRE loop if one of the nucleotide triphosphates other that UTP was present. For 
example, VPgpG is formed by CAACA and GTP since the first nucleotide, in this case a 
C residue, functions as a template (7;32). Similarly, an A5C transversion or an A5G 
transition in the CVB3 A5AAUG motif yielded VPgpG and VPgpC, respectively, in 
CVB3 CRE(2C) nucleotidylylation reaction (our own unpublished results). 
Nucleotidylylation is aborted at the stage of VPgpG or VPgpC because of the “slide back” 
mechanism to A6 (7;32 and own unpublished results). If dual CRE(2C) CVB3 transcripts 
carry a 5’-terminal pppG group (Fig. 4A), only the A5C transversion mutant produced 
some RF albeit in greatly reduced yield (Fig. 4B). The rationale for employing the 
pppGG-transcript was to reduce positive-strand RNA synthesis in the cell-free assay, 
thereby shifting the complex to synthesize, if possible, predominantly negative-strand 
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RNA (12). Virological characterisation of both the A5C and A5G mutants using a single 
CRE(2C) construct showed that the A5G mutation was quasi-infectious and reverted to a 
wild-type CRE-sequence, whereas in contrast to previous reports (45;25), the A5C mutant 
proved to be a lethal mutation, probably caused by a dysfunctional 2C protein 
(unpublished results). On the basis of these data, we suggest that initiation of negative-
strand RNA synthesis requires the A5 residue but that at least in assays performed using 
cell-free extract, this requirement is leaky (see below).  
The stringency of sequence requirement does not appear to apply to the AA6AUG 
residue since all mutations in A6 still produce RF, albeit also at very reduced yield (Fig. 
4B). This corresponds to data with poliovirus, which have revealed that mutations in the 
corresponding adenosine residue (AAACA) yielded quasi-infectious phenotypes (32). 
These phenotypes were also found for the analogous point mutants in the CVB3 CRE(2C) 
(our own unpublished data). Perhaps VPgpU formed on ANACA CRE(2C) mutants of the 
poliovirus or ANAUG CRE(2C) mutants of CVB3 can still function as primer for 
negative-strand RNA synthesis on the 3’-poly(A) template. 
RNA replication of human enterovirus genomes proceeds on membranes in RNP 
complexes of which the structures have not yet been entirely deciphered. Available 
evidence suggests that the 5’-terminal cloverleaf and the 3’- terminal poly(A) tail induce 
the formation of a circular RNP complex via protein/ protein interaction (4;13). Moreover, 
it has been suggested that the cloverleaf structure is also involved in VPg uridylylation 
(16). Thus, all three elements, the cloverleaf, the CRE, and the 3’-poly(A) tail may 
interact for initiation of genome replication to occur. Elimination of the CRE by 
destroying its stem-loop structure may allow the system to by-pass CRE requirement for 
negative-strand RNA synthesis and, by a default mechanism, make use of the genetically 
encoded 3’-poly(A) tail as template for uridylylation in a cell free in vitro system 
(11;25;26;31). Since viral negative-strand RNA was found absent in cells transfected with 
the complete CRE(2C) disruption mutant (9), it is sensible to conclude that utilization of 
the poly(A) tail for uridylylation can only be seen in the in vitro translation / replication 
system. In stark contrast, if the replication proteins are presented with a CRE element 
whose A5 has been mutated to a G residue, the aberrant nucleotidylation product VPgpC 
might operate as a dominant negative element. The nucleotidylation complex, however, is 
not “frozen” on the mutated CRE(2C) itself since the addition of a second wild type CRE 
retained the ability to initiate RNA replication (own unpublished results, 45). An 
alternative mechanism could be envisaged in which the replicase complex containing 
VPgpC is positioned on the 3’-poly(A) tail and thereby might block the initiation of 
negative-strand RNA synthesis. We speculate that the A5C transition mutant, 
accumulating a VPgpG nucleotidylylation product, may form a less stable RNP complex 
on the 3’-poly(A) tail, allowing a severely reduced yield of complementary RNA strands 
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via the alternative 3’-poly(A) tail dependent mechanism, although further investigation is 
required to elucidate the exact mechanism. 
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MATERIALS AND METHODS 
CELLS AND MEDIA 
Buffalo green monkey (BGM) cells were grown in minimal essential medium (MEM) (Gibco) as described 
(22). HeLa S3 cells (ATCC CCL 2.2) were grown either (i) in tissue culture flasks in Dulbeccos’s modified 
Eagle medium-nutrient mixture F-12 (Ham) (1:1), supplemented with 2 mM L-glutamine, 100 U of penicillin 
and streptomycin per ml, and 10% fetal calf serum or (ii) in suspension using suspension minimal essential 
medium (Joklik modified) supplemented with 2 mM L-glutamine, 100 U of penicillin and streptomycin per ml, 
and 10% newborn calf serum. 
 
PLASMIDS 
Construction of CRE mutants  
All CRE mutations were introduced using the Altered Sitestm in vitro mutagenesis system (Promega). 
Selected clones were verified for the correct mutation using sequence analysis and a BssHII/ XbaI digestion was 
used to ligate the mutated CREs into pRibCB3/T7. 
 
pHR-CRE(Art)  
Silent mutations disrupting the CRE structure (distortion mutant (DM)) were introduced in p53CB3/T7-Luc 
making use of unique BssHII and BstEII restriction enzymes. The insert was ligated into the luciferase gene 
containing vector, rendering p53CB3/T7-Luc-DMCRE. A PCR derived cloning cassette, containing unique 
restriction sites, was introduced between the luciferase gene and 2A junction using forward primer 5’-
GCCCGGAGCGGCCGCGAAGACGCCAAAAACATA-3’ containing a NotI site (underlined) and reverse 
primer 5’-GGGGGGGGGTTTAAACCGCGGCCCGGGGGCGATCGCAGATCTCAATTTGGACTTTCCGC 
CCTTCTTGGA-3’ containing five additional unique sites (DraI underlined, BglII dotted line, SgfI double 
underlined, XmaI bold characters and SacII italic characters). The PCR product, digested with NotI and DraI, 
was ligated into p53CB3/T7-Luc-DMCRE digested with NotI and HpaI generating p53CB3/T7-Luc-linker 
DMCRE. Using infectious clones containing wild-type or CRE loop point mutants as a template, CRE 
containing PCR products were generated with forward primer 5’-GGGGGGGGGAGATCT 
GCGATCGCCGCACTTTTCCAAGGAGAGAAGAAGATGAGCAATTACATACAGTTCAA-3’ and reverse 
primer 5’-GGGGGGGGGCCGCGGCCCGGGGCTCCCGTGCAGGAGCAAACATACAGGTTCAA-3’ and 
inserted into p53CB3/T7-Luc-linker-DMCRE using BglII and SacII (underlined) digested fragments, creating 
pGG-CRE(Art) (Fig. 4A). The PCR product contained an additional 3CDpro cleavage sequence (italic characters) 
to cleave off appending protein sequences at the carboxy-terminal end of the luciferase enzyme due to translation 
of translocated CRE sequences, that might affect luciferase activity (Fig. 4B). Subsequently using a SalI and 
ApaI digestion of constructs p53CB3/T7-Luc-linker-DMCRE and pRibCB3/T7, the hammerhead ribozyme 
sequence was ligated into the p53CB3/T7-Luc-linker vector rendering pHR-CRE(Art) (Fig. 3A). 
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pET26Ub-CVB3-3D and pET26Ub-CVB3-3CD-C147G-GSSG-6H expression vectors 
The coxsackie B3 virus polymerase, 3Dpol, gene was PCR amplified using a cDNA copy of the cardiotropic 
H3 strain (a gift from Kirk Knowlton, UCSD) as template and synthetic DNA oligonucleotides 5’-GCG 
ACTAGTCCGCGGTGGAGGAGAGATCGAGTTTATTGA-3’ and 5’-GCGGAATTCCTCGAGTTACT AGA 
AAGAGTCCAACCACTT CCT-3’, thereby introducing the SacII (underlined) and XhoI (italics) cloning sites at 
the 5’ and 3’ termini of the amplification product. In order to prevent autocatalytic cleavage of the 3CDpro protein 
upon expression, the cysteine (C147) codon was substituted for a glycine codon (underlined) by overlap extension 
PCR using oligos 5’-ACGAGAGCAGGTCAAGGTGGCGGAGTACTCATG-3’ and 5’-CATGAGTACTCCG 
CCACCTTGACCTGCTCTCGT-3’(1). Subsequently, the mutated 3CDpro gene was PCR amplified using 
primers 5’-GCGACTAGTCCGCGGTGGAGGTCCTGCATTTGAATTTGC-3’ and 5’-GCGGAATTCGCGGC 
CGCTTACTAATGGTGGTGATGTGGTGACCAGAGGATCCGAAAGAGTCCAACCACTTCCT-3’, 
which introduced SacII (underlined) and EcoRI (italics) cloning sites at the 5’ and 3’ termini of the 3CDpro gene 
and simultaneously a carboxy-terminal hexahistidine tag with the following sequence: G-S-S-G-H-H-H-H-H-H-
stop-stop (bold characters). Both 3Dpol and 3CDpro-C147G-GSSG-6H gene containing PCR products were cloned 
into pET26b-Ub using the introduced sites as described previously (8). The nucleotide sequence of the final 
constructs, pET26Ub-CVB3-3D and pET26Ub-CVB3-3CD-C147G-GSSG-6H, was verified by sequence analysis.  
 
OLIGONUCLEOTIDE SITE-DIRECTED MUTAGENESIS 
Oligonucleotide-directed mutagenesis was performed using phagemid pALTERTM-1 as described (20). 
Synthetic oligonucleotides (Biolegio, The Netherlands) were used to introduce site-specific mutations (Table 1). 
The mutated fragments were cloned into the infectious cDNA clone (pRibCB3/T7, constructed from 
pCB3/T7(14)) and sequence analysis was used to verify the mutated nucleotide sequence. 
 
Table 1 : Oligonucleotides used for mutagenesis. 
Underlined nucleotides indicate mutations from the wild type sequence. 
OLIGONUCLEOTIDE SEQUENCE 
DM  5’-AGGGCTCCCGTGCAGGAGCAAGCAAACCGGTTCTATCCTACACTTACT TTTAAATTGAATATAATTGCTCATCTTCTTCTC-3’ 
DM+A5G 5’-AGGGCTCCCGTGCAGGAGCAAGCAAACCGGTTCTATCCTACACTCACT TTTAAATTGAATATAATTGCTCATCTTCTTCTC-3’ 
CRE PM1  5’-AATACGGCATTTGGAGTTGAACTGTATGTAATTGC-3’ 
CRE PM2 5’-AATACGGCATTTGGATTTGAACTGTATGTAATTGC-3’ 
CRE PM3  5’-ACAGGTTCAATACGGCATTGGGACTTGAACTGTATG-3’ 
CRE PM4  5’-ACAGGTTCAATACGGCATTCGGACTTGAACTGTATG-3’ 
CRE PM5  5’-ACAGGTTCAATACGGCATTAGGACTTGAACTGTATG-3’ 
CRE PM6  5’-ACAGGTTCAATACGGCATCTGGACTTGAACTGTATG-3’ 
CRE PM7  5’-ACAGGTTCAATACGGCATGTGGACTTGAACTGTATG-3’ 
CRE PM8  5’-ACAGGTTCAATACGGCATATGGACTTGAACTGTATG-3’ 
CRE PM9  5’-ACAGGTTCAATACGGCACTTGGACTTGAACTGTATG-3’ 
CRE PM10  5’-ACAGGTTCAATACGGCAGTTGGACTTGAACTGTATG-3’ 
CRE PM11  5’-ACAGGTTCAATACGGCAATTGGACTTGAACTGTATG-3’ 
CRE PM12  5’-ACAGGTTCAATACGGCGTTTGGACTTGAACTGTATG-3’ 
CRE PM13  5’-ACAGGTTCAATACGGCTTTTGGACTTGAACTGTATG-3’ 
CRE PM14 5’-CAAACATACAGGTTCAACACGGCATTTGGACTTG-3’ 
CRE PM15 5’-CAAACATACAGGTTCAAGACGGCATTTGGACTTG-3’ 
CRE PM16 5’-CAAACATACAGGTTCAAAACGGCATTTGGACTTG-3’ 
CM  5’-ACAGGTTCAATACGGTGTTTGGACTTGAACTGTATG-3’ 
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RNA TRANSFECTION AND VIRUS GROWTH 
pRibCB3/T7 plasmids were linearized using MluI and RNA was transcribed in vitro using T7 RNA 
polymerase as described (20). The transcript RNA was transfected into BGM-cells as described (20). Virus yields 
were determined in BGM-cells by endpoint titrations using 8 replicates of serial 10-fold dilutions in 96-wells plates 
containing BGM-cell monolayers (40). The 50% tissue culture infective dose (TCID50) was calculated according to 
Reed and Muench (35).  
 
LUCIFERASE ASSAY 
BGM-cells, grown in six-well plates to a confluence of 80%, were transfected as described (20), with 4 µg 
of T7 RNA polymerase-generated cRNA derived from MluI linearized replicon plasmid, containing the firefly 
luciferase gene. Ten hour post-transfection cells were washed two times with phosphate-buffer saline, previous 
to lysis using 200µl lysisbuffer (Promega). Luciferase activity was measured on the BioOrbit 1251 Luminometer 
using the Luciferase Assay system according to the recommendations of the manufacturer (Promega). 
 
EXPRESSION AND PURIFICATION OF COXSACKIE B3 VIRAL 3DPOL AND 3CDPRO-HIS 
Proteins were expressed using the pET26-Ub based procaryotic expression system as reported previously 
(8), which generates N-terminally linked yeast ubiquitin fusion proteins. Overexpression of protein is performed 
in the BL21(DE3)pCG1 strain of Escherichia coli. CVB3 3Dpol and 3CDpro-6His were essentially expressed as 
the poliovirus proteins as previously described (8) from the polyethyleneimine (PEI) precipitation on. The 
protein concentration of each collected fraction (0.5ml) was determined by measuring the A280 in the presence of 
6M guanidine hydrochloride and using the following extinction coefficients: 3D, 69270 M-1cm-1; 3CD, 82640 
M-1cm-1. Samples were aliquoted and stored at -80 °C. 
 
IN VITRO URIDYLYLATION ASSAY 
For short RNA transcripts of wild-type and CRE(2C) loop mutants a PCR product was generated, using 
wild-type or mutant infectious clones as template, with reverse primer 5’-CAGGCGCAAACATACAGGTTC 
AA-3’ and forward primer 5’-GGGGGGTAATACGACTCACTATAGGGCGAATGAGCAATTACATACAGTT 
CAA-3’, containing a T7 polymerase sequence (italics). For the generation of genomic wild-type and mutant 
RNA transcripts infectious clone p53CB3/T7 was linearized using MluI. Synthesis of VPgpU(pU) was measured 
using a reaction mixture (20 µl) containing 50 mM HEPES, pH 7.5, 8% glycerol, 3.5mM magnesium acetate, 0.7 
µM 3CDpro, 2 µM 3Dpol, 40 µM of synthetic CVB3 VPg, 0.75µCi of [α32P] UTP (3,000Ci mmol-1) and 25 µM 
unlabeled UTP. Amount of template for the reaction is 0.5 µg for CRE(2C) transcript RNA and 2 µg for 
genomic RNA transcript. Reaction mixtures were incubated for 1h at 34 °C, and the reaction was quenched by 
adding 5 µl of gel-loading buffer. The samples were analyzed by TRIS-Tricine SDS-polyacrylamide gel 
electrophoresis (Bio-Rad) with 13.5% polyacrylamide. The gels were dried and autoradiographed for 
visualization of product. Reaction products were quantified by measuring the amount of [32P] UMP incorporated 
into the product using a PhosphorImager Storm 860; Molecular Dynamics) and translated into counts per 
minutes using a radioactive marker. 
 
IN VITRO TRANSLATION AND REPLICATION ASSAY 
Preparation of HeLa cell S10 extract and initiation factors has been described in detail previously (3). 
Negative and positive strand RNA synthesis were analyzed as previously described (12) with some minor 
modifications: 2 µg of coxsackieviral transcript RNA was mixed with 30 µl of HeLa S10 extract, 2 µl of 
initiation factors, 5 µl of 10 × NTP per energy mix and 1 µl of 100 mM guanidine hydrochloride in a total 
volume of 50 µl. After incubation at 30 °C for 4h and centrifugation, the preinitiation complexes were 
resuspended in 50 µl of labeling mix, containing 30 µl of HeLa S10 extract, 5 µl of 10 × NTP per energy mix and 
4 µl of [α-32P]UTP (10 µCi/µl). After incubation at 30 °C for 2h, the samples were mixed with 150 µl of TENSK 
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buffer (50mM Tris-HCl [pH 7.5], 5mM EDTA, 100mM NaCl, 1% Sodium Dodecyl Sulfate, 200µg of proteinase 
K per ml) to stop the reaction. RNA was extracted using phenol-chloroform and RNA was precipitated using 
ethanol. The pellet was resuspended in RNA storage solution (Ambion) and gel loading buffer was added prior 
to loading on a 0.8% agarose gel. After drying the gel, products were visualized using autoradiography. In order 
to quantify the accumulated RF bands irrespective of loading and RNA extraction efficiency, both the amount of 
[32P] UMP incorporated in the replicative form (RF) and the 28S ribosomal RNA (rRNA) was determined using 
a PhosphorImager (Storm 860; Molecular Dynamics). The amount of 28S rRNA in each lane represents the 
amount of RNA loading on gel and was normalized to wild-type. Subsequently, the accumulated RF was 
corrected for the amount loaded on gel. 
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SUMMARY 
The enterovirus OriR is composed of two helices X and Y, anchored by a kissing-(K)-
interaction. For proper OriR function, certain areas of these helices should be specifically 
oriented towards each other. We hypothesized that the single-stranded nucleotides 
bridging the coaxial helices (Y-X and K-Y linkers) are important to determine this 
orientation. Spatial changes were introduced by altering the linker length between the 
helices of coxsackievirus B3. Changing the linker lengths resulted in defective RNA 
replication, probably because of an altered OriR geometry. The identity of the linker 
residues also played a role, possibly because of sequence-specific ligand recognition. 
Although each point mutation altering the primary sequence of the Y-X spacer resulted in 
defective growth at 36oC, the mutations had a wild-type phenotype at 39oC indicating a 
cold-sensitive phenotype. The results show that the intrinsic connection between OriR 
structure and function is fine-tuned by the spacing in-between the coaxial RNA helices. 
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Replication of single-stranded viral RNA genomes of positive polarity, like 
enteroviruses, is accomplished by RNA-dependent RNA polymerases (RdRPs). Initiation 
of  minus-strand synthesis demands positioning of the RdRp in close proximity to the 3'-
end of a plus-strand, whereas the RdRP should be placed at the 3'-end of a minus-strand to 
initiate synthesis of a plus-strand. As the 3'-ends of the complementary strands are 
dissimilar, the replication machinery recognizes two different types of cis-acting elements 
to initiate synthesis of (+) and (-)-strands, the OriL and OriR (1).  
The enterovirus OriL is involved in viral replication and translation (2;3;5). This 
conserved element folds into a cloverleaf structure and interacts with diverse viral and 
host proteins (2;3;6;14). The existence and functional importance of a ribonucleoprotein 
(RNP) complex involving oriL interacting with the virus protein 3CD and the cellular 
factor PCBP is required for genome circularization and RNA synthesis (3;7).  
The enterovirus OriR is involved in the initiation of (-)-strand RNA synthesis (8;15). 
We have shown that sequences within the loop of domain X base pair with 
complementary sequences in the loop of domain Y to form an intramolecular tertiary 
structural element designated as a “kissing” interaction (K-domain) (Fig. 1A). The 
functional significance of the K-domain is evident since mutations introduced to 
destabilize this structure resulted in either dead viruses, severely impaired mutants, or in 
the accumulation of revertants with a restored kissing interaction (11;15;19). The K-
domain can be stacked onto the helix of domain X to form one coaxial helical domain 
which, connected to domain Y determines the overall structure of the OriR (8;15). Thus, 
the enteroviral OriR can be viewed as two elongated helices (Fig. 1A-C). We previously 
found that the kissing structure is relatively stable and that it may serve as an anchor to 
orient the attached helical elements (19). We suggested that the mutual orientation of the 
X and Y helices is critical to ensure a proper OriR function, and that certain areas of these 
two helical domains should cross-talk (9). This cross-talk might be important for the 
simultaneous interaction with ligands, most likely required to form an RNP composed of 
viral (6) and host proteins (10;17;18). Here we hypothesized that the single-stranded 
nucleotides bridging the coaxial helices (Y-X and K-Y linkers; Fig. 1A-C) are important 
to determine this spatial orientation.  
The coxsackievirus B3 K- and Y-domain are linked by a single-stranded spacer of 9 
nucleotides (5’-CCAGAUAAC-3’, K-Y) and a single adenosine nucleotide spacer (Y-K) 
connecting the bottom of the K- with the Y-domain (Fig. 1A-D). Covariance analysis 
showed that the length and sequence of the spacers (K-Y and Y-K) are conserved in the 
human B-enteroviruses  (Fig. 1D). Although conserved as well, the K-Y spacer is 12 
nucleotides in poliovirus-like enteroviruses but lacks the single bridging nucleotide (Fig. 
1D). To investigate the significance of the single-stranded linkers, a series of mutants 
were designed in which the spacers were either shortened or enlarged. Mutations were 
introduced into the pRibCB3/T7-cDNA clone (an infectious cDNA clone derived from the 
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coxsackievirus B3 Nancy strain; 13), by PCR using forward primer 5’-
ACTCTACGCTTTAAATGGTTGGACTCCTTTTAG-3’, containing a blunt DraI 
restriction site, in combination with mutagenic oligonucleotides containing SalI restriction 
sites (Table 1). 
 
Table 1: Oligonucleotides used for mutagenesis by PCR and the Altered Sitestm in vitro   mutagenesis 
system  
MUTANT SEQUENCE PCR OLIGONUCLEOTIDE (5’3’ORIENTATION) 
∆GUAAA 5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAACCCTACTGT ACCGTTATC-3’ 
GUAAAAA 5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTCCCTACT GTACCGTTATC-3’ 
GUAAAAAAAA 5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTTTCCCT ACTGTACCGTTATC-3’ 
GUAAAGUA6 
5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTTTTACC 
CCTACTGTACCGTTATC-3’ 
GUAAA  GAAAA 5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTTCCCCT ACTGTACCGTTATC-3’ 
GUAAA  AUAAA 5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTATCCCT ACTGTACCGTTATC-3’ 
GUAAA  GUAA 5’-GGGGGGGGGTCGACACGCGT28CCGCACCGCATGCGGAGAATTACCCCTA CTGTACCGTTATC-3’ 
GUAAA  GUAAC 5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAAGTTACCCCT ACTGTACCGTTA TC-3’ 
GUAAA  GUAUA 5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATATACCCCT ACTGTACCGTTATC-3’ 
7355CCAGAUAAC7363 
 CCAAAC  
Y9  Y6 
5’-GGGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTACCCC 
TACTGTACCGTTTGGTTCGGTTAGCACAG-3’ 
7355CCAGAUAAC7363 
 CCA  
Y9  Y3 
5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTACCCCT 
ACTGTACCTGGTTCGGTTAGCACAGTAGGGTTAAG-3’ 
7355CCAGAUAAC7363 
 
CCACCAGAUAAC  
Y9  Y12 
5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTACCCCT 
ACTGTACCGTTATCTGGTGGTTCGGTTAGCACAGTAGGGTTAAG-3’ 
U7360A 
5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTACCCCT 
ACTGTACCGTTTTCTGGTTCGGTTAGCAC-3’ 
A7362C 
5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGAGAATTTACCCCT 
ACTGTACCGGTATCTGGTTCGGTTAGCAC-3’ 
C7363G 
5’-GGGGGGGGGTCGACACGCGT28CCGCACCGAATGCGGACAATTTACCCCT 
ACTGTACCCTTATC TGGTTCGGTTAGCAC-3’ 
MUTANT ALTERED SITESTM MUTANT OLIGONUCLEOTIDE (5’3’ORIENTATION) 
C7355G 5’-GTACCGTTATCTGCTTCGGTTAGCACAG-3’ 
C7356G 5’-TGTACCGTTATCTCGTTCGGTTAGCACAG-3’ 
A7357U 5’-CTGTACCGTTATCAGGTTCGGTTAGCACAG-3’ 
G7358C 5’-ACTGTACCGTTATGTGGTTCGGTTAGCAC-3’ 
A7359C 5’-TACTGTACCGTTAGCTGGTTCGGTTAGCAC-3’ 
A7361U 5’-CCTACTGTACCGTAATCTGGTTCGGTTAG-3’ 
Italics represent the SalI restriction site and the introduced mutations are underlined. 
 
PCR products were digested with DraI and SalI and subcloned in pRibCB3/T7-Stu 
digested with StuI and SalI. In the first two mutants, the spacer bridging the top of the K-
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domain and the Y-helix was shortened by 3 (Y6, deleting GAU65-67) or 6 nucleotides (Y3, 
deleting GAUAAC65-70). Another mutant was engineered in which the length of the spacer 
was increased with 3 nucleotides (Y12), by duplicating the CCA-stretch, resulting in a 
mutant with a poliovirus-like spacer of 12 nucleotides (5’-CCACCAGAUAAC-3’) (Fig. 
1D). Also a mutant was constructed in which the single adenosine (A55) bridging the 
bottom Y-helix to K-domain was deleted. 
The effect of the mutations on the viral phenotype was tested by transfecting BGM 
cells with 4µg of RNA transcripts derived from MluI digested pRibCB3/T7 mutant 
plasmids. A cytopathic effect (CPE) was observed for all mutants. Sequence analysis 
showed that all recovered viruses retained their engineered mutation. A plaque assay was 
used to determine the growth characteristics of the recovered viruses. Six-well dishes with 
confluent monolayer of BGM-cells were incubated with 10-fold serial dilutions of mutant 
or wild-type virus. After 30 minutes incubation at room temperature, cells were overlaid 
with 2.5ml of 1xM199 containing 3% FCS, 1% glutamine, 0.5% gentamicine, 0.5% 
penicillin, 0.5% Fungizone, 1% MgCl2 (2.5M) and 1.3% Na-bicarbonate (7.5% solution) 
in 0.6% agar (1:1 mixture of 1.2% agar and 2xM199). Cells were fixed by 2 ml of 
methanol-acetic acid (3:1, vol/vol) at 48 hr following infection, stained with 1 ml crystal 
violet (0.5% crystal violet in 20% ethanol) and destained using tap-water. Both mutant 
viruses containing a shortened single-stranded spacer exhibited a severe debilitating 
phenotype with small plaques at 36°C. At 39°C minute plaques were observed for the 
GAU65-67 deletion (Fig. 2A,Y6), whereas the GAUAAC65-70 deletion (Y3) only showed 
plaques after extended incubation periods, indicative of a very severe defect in virus 
replication. In contrast, the poliovirus-like coxsackievirus mutants with the enlarged linker 
(Y12) or the A55-deletion, exhibited growth characteristics similar to those of wild-type 
virus CB3 at both 36°C and 39°C (Fig. 2A).  
The bridging between the helical domains X and Y, is formed by a single-stranded 5'-
GUAAA-3' spacer (Y-X). This Y-X linker is highly conserved among all human 
enteroviruses analyzed today (Fig. 1D). As described previously by us,  analysis of 
mutants affecting the length of the helical domains X and Y, allowed us to conclude that 
there are cross-talking events between the bottoms (most likely the bottom U88•A110 and 
C43•G82 base pairs, see Fig. 1) of the helices (9). In other words, these bottom base pairs 
should be recognized simultaneously and in a coordinated way. We have also shown that 
changes in the length of the helical elements do not bring about changes in the spatial 
position of, among others, the 5'-GUAAA-3' spacer, joining these two helical domains (9). 
To assess whether the length of the single-stranded spacer itself might contribute to 
phenotypical changes possibly associated with the orientation of the helical elements, 
mutants were designed in which the length of the 5'-GUAAA-3' spacer, joining helical 
elements K-X and Y, was either deleted, shortened or enlarged (Fig. 2C). Following 
transfection, all designed mutations resulted in mutant viruses. Assessment of the 
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replication kinetics of these mutant viruses at both 36°C and 39°C showed that a complete 
or partial deletion of the GUAAA spacer severely debilitated virus propagation at 36°C 
(Fig. 2C). At 39°C minute plaques were only observed upon extended incubation periods 
for the complete GUAAA deletion and the GUA deletion mutant, while a small plaque 
phenotype was observed for the GUAAA GUAA mutant (Fig. 2C). 
 
| Y |Y-K| K || K-Y || Y || || X |X-K| K | X |
PV1 CCCUACCUCAGU CGAAUU GGAUUGGGUCAU ACUGCUGUAGGG GUAAA UUUUUCUU U AAUUCG GAGGAAAA
PV2 CCCUACCUCAGU CGAAUU GGAUUGGGUCAU GCUGUUGUAGGG GUAAA UUUUUCUU U AAUUCG GGGAAAAA
PV3S CCCUACCUCAGU CGAAUU GGAUUGGGUCAU ACUGUUGUAGGG GUAAA UUUUUCUU U AAUUCG GAGGAAAA
CA21 CCCUACCUCAGU CGGAUU CGGAUUGGGUUAU ACUGUUGUAGGG GUAAA UUUUUCUU U AAUUCG GAGAAAAA
CA24 CCCUACCUCAGU CGAAUU GGAUUGGGUUAU ACUGUUGUAGGG GUAAA UUUUUCUU U AAUUCG GAAAAAAA
EV71 CCCCACCGGAA A UCUGGU CGCGUUAAU GACUGGUGGGG GUAAA UUUGUUAU A ACCAGA AUAGCAAA
CA9 CCCUACUGUACU A ACCGAA CUAGAUAAC GGUGCAGUAGGG GUAAA UUCUCCGC A UUCGGU GCGGAGGA
CA16 CCCCACCAGGG A UCUGGU CGUGAAUAU GACUGGUGGGG GUAAA UUUGUUAU A ACCAGA AUAGCAAA
CB1 CCCUACCGCACU A ACCGAA CUAGAUAAC GGUGCAGUGGGG GUAAA UUCUCCGC A UUCGGU GCGAAAAA
CB3A CCCUACUGUGCU A ACCGAA CCAGAUAAC GGUACAGUAGGG GUAAA UUCUCCGC A UUCGGU GCGGAAAA
CB4A CCCUACUGCACU A ACCGAA CUAGAUAAC GGUGCAGUAGGG GUAAA UUCUCCGC G UUCGGU GCGGAAAA
CB5 CCCUACCGCACC A ACCGAA CUAGACAAC GGUGCGGUAGGG GUAAA UUAUCCGC A UUCGGU GCGGGAAA
ECHO6 CCCUACUGCACU U ACCGAA CUAGAUAAU GGUGUAGUAGGG GUAAA UUCUCCGC A UUCGGU GCGGAAAA
ECHO9DM CCCUACCGCACU U ACCGAA CUAGACAAU GGUGCGAUAGGG GUAAA UUCUCCGC A UUCGGU GCGAAAAA
ECHO9BARTY CCCUACCGCAUG A ACCGAA CUUGAUACA AGUGCGGUAGGG GUAAA UUCUCCGC A UUCGGU GCGAAAAA
ECHO9HILL CCUUACUGCACU A ACCGAA CUAGAUAAC GGUGCAGUAGGG GUAAA UUCUCCGC A UUCGGU GCGAAAAA
ECHO11 CCCUACUGCACU U ACCGAA CUAGAUAAC GGUGUAGUAGGG GUAAA UUCUCCGC A UUCGGU GCGAAAAA
ECHO12 CCCUACUGUACU A ACCGAA CUAGACAAC GGUGCAGUAGGG GUAAA UUCUCCGC A UUCGGU GCGAAAAA
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Enlarging the Y-X spacer with an additional 3 residues (GUAAA to GUAAAAAA) 
resulted in a mutant virus that was severely temperature sensitive as evidenced by the pin-
prick plaques at 39°C but close to wild-type growth characteristics at 36°C (Fig. 2C). So 
both increasing and decreasing the length of this spacer affected virus replication possibly 
resulting from a disorientation of the bottom base pairs as previously described (9) and 
thereby an altered geometry of the overall structure (Fig. 1C).  
There are only limited data available on the functional aspects of interconnecting 
single-stranded regions, but the J/J5a linker, that joins the two halves of the P4-P6 domain 
of the Tetrahymena self-splicing group I intron acts as a hinge, allowing the coaxially 
stacked elements on either side of it to interact via specific tertiary contacts (16). Indeed, 
shortening the coxsackievirus OriR Y-X and K-Y linkers resulted in highly disabled 
mutant viruses. Again this may be the result of disturbed ligand binding. On the other 
hand, phenotypic effects of the local rotation of one or more base pairs in either domain X 
or domain Y suggested that the two distal base pairs of these domains serve as orientation-
dependent recognizable signals (9). Shortening the proximal spacer, may increase the 
pressure on the distance and orientation of the distal base pairs as the ends of a clothespin. 
Increasing the length, on the other hand, may increase the flexibility of the loop which can 
be anticipated by the co-axial helical domains without affecting the overall geometry of 
the molecule. Indeed this mutant did not manifest itself in phenotypic alterations at 36°C 
(Fig. 2C).  
To investigate the physiological importance of the primary sequence, a point-
mutational analysis was undertaken in which each base of the K-Y and Y-X single-
stranded spacers was individually mutated without affecting the overall secondary 
structure of the OriR (as determined by M-fold computer predictions, 20). The specific 
mutations are shown in Fig. 2B and 2D. 
Figure 1 (previous page): Structure models of the coxsackie B3 virus OriR. Figure 1A shows the secondary 
and Figure 1B the tertiary structure of the coxsackie B3 virus OriR. The OriR consists of 3 hairpin structures 
designated as domains “X”, “Y”, and “Z”. The structure can be closed by an interaction between the poly(A) 
with a four-nucleotide U-stretch (“S”). The “X” domain can be stacked to the “kissing” (K) interaction to form 
one coaxial helical element connected by single-stranded nucleotide stretches (GUAAA
83-87
, A
55
, and 
CCAGAU-AAC
62-70
) to a second coaxial helical domain “Z-Y”. Figure 1C shows a three-dimensional model of 
the closely related poliovirusOriR, obtained by Molecular Modelling (Pilipenko et al., 1996). The different specific 
domains are shown in different colours: K-domain in white; K-Y linker CCAGAUAAC
62-70
 in yellow; A
55
-
bridging residue in light green; X-domain in cyan; Y-domain in orange; X-Y GUAAA
83-87 
linker in red; AGAU 
sequence in green; S-domain in purple. Figure 1C can be viewed as a rotating figure in the supplementary data 
of the JGV. For full colour figure see page, 153. Figure 1D presents a comparative alignment for enteroviral 
OriR sequences. The domains are indicated in the Figure. 
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Figure 2: Plaque analysis of linker mutants. In Figure 2A the plaque phenotypes are depicted of the 
wild-type virus and the K-Y linker mutants at 36oC and 39oC. Figure 2B shows the results of the plaque 
assays for the K-Y linker CCAGAUAAC
62-70
 point mutants at 36oC and 39oC. Figure 2C depicts the 
plaque phenotypes of the wild-type virus and the X-Y GUAAA
83-87 
linker length mutants, and Figure 2D 
the plaque assays for the X-Y linker point mutants at 36oC and 39oC. The mutations are underlined in the 
Figure. CBV3 means coxsackievirus B3. Further details, see text. 
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All mutated coxsackievirus B3 full-length transcripts rendered virus upon transfection. 
The mutant K-Y viruses could be grouped in three classes depending on their growth 
properties (Fig. 2B). In one group the mutations did not result in a phenotypic alteration. 
This group consisted of the 5’-mutations directly flanking the kissing interaction (i.e. 
Ypm1, Ypm2, and Ypm3) and mutant virus Ypm5, containing a mutation localized in the 
middle portion of the K-Y spacer. In the second group, mutant viruses Ypm4 and Ypm6 
also had wild-type growth characteristics at 36°C, but appeared to be thermosensitive 
(Fig. 2B). The last group, mutant virus Ypm7, Ypm8 and Ypm9, containing mutations 
flanking the Y-helical domain, were all severely affected in growth at both 36°C and 39°C 
(Fig. 2B). The negative effect on replication of a number of point mutations (especially 
those flanking the Y-domain) may reflect the disturbance of a necessary local geometry. 
On the other hand, these mutations may disturb specific interactions with replication 
proteins that depend on such sequence-based recognition (6;10;17;18). Of all the Y-X 
spacer point mutations introduced, only the AUAAA mutant was found to revert back to 
wild type OriR sequence in 2 out of the 3 transfections performed whereas all others had 
retained the engineered substitution after transfection. Interestingly, although each point 
mutation altering the sequence resulted in defective growth characteristics at 36oC, the 
mutations did not manifest a phenotypic alteration at 39oC, indicating a cold sensitive 
mutant (Fig. 2D). The observation of wild type growth characteristics at higher 
temperatures suggests that the 5'-GUAAA-3' spacer may adopt a specific structure. 
Although this observation is difficult to explain, this structure might be affected by the 
specific point mutations at the optimal temperature (36-37oC) resulting in an adverse 
effect on replication due to the destabilization of recognition signals. At higher 
temperatures these point mutations might be tolerated because of increased movement of 
the molecule thereby compensating the effect on replication. A complete deletion of this 
GUAAA spacer in poliovirus has been shown to abolish RNA replication at the level of 
negative-strand RNA synthesis using a cell-free replication system (3;12). Although 
ultimately this mutation does give rise to (highly debilitated) viruses, from these results it 
can be concluded that the GUAAA sequence is of importance for an efficient initiation of 
RNA synthesis.  
In conclusion, our results show the importance of the single-stranded regions linking 
the two co-axially stacked helices K-X-S and Y-Z in the coxsackievirus OriR and 
demonstrate that the intrinsic connection between OriR structure and function is fine-
tuned by the spacing in-between these coaxial RNA helices. Obviously we are aware of 
the limitations to understand large RNA structures by studying the effects of altering 
structural domains using biochemical/ virological approaches. However, as long as large 
complex RNA molecules elude high-resolution structure determination by NMR or X-ray 
crystallography, virological/ biochemical experiments are important to elucidate the 
structure-function relationship of RNA elements.  
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SUMMARY 
Genomes and antigenomes of many positive-strand RNA viruses contain 3’-poly(A) 
and 5’-poly(U) tracts, respectively, serving as mutual templates. Mechanism(s) controlling 
the length of these homopolymeric stretches are not well understood. Here, we show that 
in coxsackievirus B3 (CVB3) and three other enteroviruses the poly(A) tract  is ~80-90 
and the poly(U) tract is ~20 nt-long.  Mutagenesis analysis indicate that the length of the 
CVB3 3’-poly(A) is determined by the OriR, a cis-element in the 3’-noncoding region of 
viral RNA. In contrast, while mutations of the OriR inhibit initiation of (-) RNA 
synthesis, they do not affect the 5’-poly(U) length. Poly(A)-lacking genomes are able to 
acquire genetically unstable AU-rich poly(A)-terminated 3’-tails, which may be generated 
by a mechanism distinct from the cognate viral RNA polyadenylation. The aberrant tails 
ensure only inefficient replication. The possibility of RNA replication independent of 
OriR and poly(A) demonstrate that highly debilitated viruses are able to survive by 
utilizing “emergence”, perhaps atavistic, mechanisms. 
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INTRODUCTION 
The genomic RNA of many positive-strand RNA viruses is tailed with a 3’-poly(A). 
In contrast to cellular mRNAs, in which poly(A) is non-templated and is added post-
transcriptionally, the viral poly(A) is believed to be template-coded (1). Accordingly, the 
negative strand contains a 5’-poly(U) tract, which is synthesized by using the poly(A) of 
the positive viral RNA as a template. In turn, this poly(U) subsequently serves as a 
template for the synthesis of the poly(A) of progeny RNA. This alternate usage of the 
homopolymeric parts of the (+) and (-) RNA for each strand synthesis has not been 
studied in detail but it was observed that poly(U) in the negative RNA of poliovirus (2,3) 
and coronavirus (4) may be shorter than poly(A) in the viral RNAs. These observations 
pose intriguing questions about how a shorter poly(U) is synthesized on a longer poly(A) 
template and vice versa. 
We addressed this conundrum by using coxsackievirus B3 (CVB3), an enterovirus 
belonging to the picornavirus family as a model. Picornaviruses are small icosahedral 
viruses with a single-stranded 7-8 kb RNA genome of positive (mRNA-like) polarity. 
This family includes important human and animal pathogens such as poliovirus, hepatitis 
A virus, foot-and-mouth disease virus and others.  
Three cis-acting elements are known to be involved in the replication of enterovirus 
RNA (5). The 5’-terminal cloverleaf structure (or oriL) is a multifunctional element that 
interacts, among other ligands, with viral 3CDpro protease and cellular poly(rC) binding 
proteins PCBP1 and PCBP2 (6,7,8) to form a ribonucleoprotein (RNP) complex. This 
complex is thought to be involved in the switch that represses translation and allows 
replication to commence (9), and is also required for the initiation of both (+)-strand (6) 
and (-)-strand RNA synthesis. The latter requires genome circularization mediated by an 
interaction between this RNP and the host poly(A)-binding protein (PABP) bound to 3’-
poly(A) (10,11). 
Another cis-acting replicative element (cre or oriI) is represented by an imperfect 
stem-loop located within the coding region of the enterovirus RNA (12,13,14). It ensures 
the covalent linkage of uridylates to the viral protein VPg via a two-step slide-back 
mechanism, thereby yielding the protein primer VPg-pU(pU) (15,16,17,18). Both (-)- and 
(+)-strand RNA 5’-termini have VPg covalently bound (5), but there is no consensus on 
whether the cre-mediated VPg-uridylylation is required for the initiation of only (+) RNA 
(19,20,21) or for the initiation of both strands (14). The former view implies that VPg 
uridylylation may occur directly on the 3’-poly(A) of (+) RNA, thus providing a primer 
for elongation into (-)-strands, in line with the finding that polyadenylates indeed support 
VPg-pUpU synthesis in vitro (22).  
A third replicative cis-element, the OriR, is located in the 3’-noncoding region 
(3’NCR) of the viral RNA immediately upstream of the 3’-poly(A). It contains a multi-
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domain structure maintained by an intramolecular kissing interaction between helical 
elements X and Y (23,24,25,26,27,28). Mutations destroying this interaction or changing 
the mutual orientation of OriR helical elements resulted in a significant loss of fitness, as 
judged by the acquisition of temperature sensitive and quasi-infectious or lethal 
phenotypes. It was proposed that OriR is required for an efficient initiation of (-) RNA 
synthesis (24,26). However, partial and complete deletions of the 3’NCR still generated 
viable viruses challenging the essential role of 3’NCR and OriR in RNA replication 
(29,30,31).  
The synthesis of a (-) RNA strand on the viral RNA template is believed to result in 
the formation of a genome-length double-stranded “replicative form” (RF) RNA. Positive-
strand RNA synthesis is initiated at the 3’-end of the (-) strand but the detailed mechanism 
is unknown. It has been proposed that destabilization and partial unwinding of this end of 
the duplex is required for efficient replication (32,33). Transcription of the (+)-strands 
from the (-)-RNA template results in partially double-stranded “replicative intermediate” 
RNA molecules consisting of full-length (-) RNA and various numbers of incomplete (+) 
strands differing in length (5). Newly synthesized virion RNAs are thought to be displaced 
from the (-) strands by upcoming progeny strands through the duplex-unwinding activity 
of the viral RNA polymerase 3Dpol (34). However, a number of important issues 
pertaining to picornavirus genome replication remain contradictory or unsolved (35). 
Here, we examined the mechanism for poly(A) and poly(U) synthesis and how their 
lengths are controlled. We found that the 3’-poly(A) of (+) RNA strands in CVB3 and 
some other enteroviruses is about 4-fold longer than the 5’-poly(U) of (-) strands and that 
the poly(A) length is controlled by the OriR. While ensuring efficient negative strand 
initiation, the OriR does not control the poly(U) length. Removal of the poly(A) (alone or 
together with the OriR) from transfected viral RNA resulted in regeneration of poly(A)-
containing 3’-tails, which, however, ensured only inefficient viral reproduction. These 
results provide new insights into mechanisms and evolution of genome replication of 
positive-strand RNA viruses. 
 
RESULTS 
The 5’-poly(U) of enterovirus negative strands is significantly shorter than the 3’-
poly(A) of the positive RNA strands. Using 3’-tailing and 5-RACE reactions, we 
determined the lengths of the 3’-poly(A) of virion RNA and the 5’-poly(U) in (-) RNA for 
four different enteroviruses; CVB3, ECHO9, enterovirus 71 (EV71) and coxsackievirus 
A21 (CVA21) (Fig. 1A,B). In all cases, the average size of the poly(A) was 80-90 nt, 
whereas the length of the poly(U) was only ~20 nt (Fig. 1C). The poly(A) of CVB3 RNA 
from purified virions recovered from different cell cultures (BGM, HeLa, and COS) was 
of a similar average size (not shown).  
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Figure 1: A. Schematic representation of the 3’-tailing reaction. An RNA ligase reaction was performed with 
purified virion RNA. A cDNA primer enabled reverse transcription (RT) followed by PCR. The 3’-poly(A) size 
was determined by sequencing. B. Schematic representation of the 5’-RACE assay. RT was used to synthesize a 
cDNA strand after which RNases removed the RNA template. A 3’-tailing reaction added a homopolymeric tail 
to the cDNA. Amplification by PCR was followed by a nested PCR prior to sequencing. C. The average 5’-
poly(U)- and 3’-poly(A) sizes for four enteroviruses. For CVB3, ECHO9 and EV71 BGM-cells were infected, 
and for CVA21 HeLa-cells were used. The 3’-poly(A) columns represent the means ± S.D. of 3 independent 
experiments; the 5’-poly(U) columns represent the means ± S.D. of 10 values.  
 
ORIR CONTROLS THE INITIATION EFFICIENCY OF NEGATIVE RNA SYNTHESIS AND THE 
POLY(A) LENGTH OF VIRION RNA BUT NOT THE SIZE OF THE POLY(U) OF NEGATIVE 
STRANDS 
A simple explanation for the smaller size of the 5’-poly(U) tract compared to its 3’-
poly(A) template is that (-) strand RNA synthesis is initiated on an internal position of the 
poly(A) template and there exists a spatial mechanism controlling the choice of this 
position. One can hypothesize that this mechanism involves the OriR. To examine this, 
two mutant RNAs, N70/A and N70/B, were generated, in which OriR was replaced by 
random sequences of 70 nt (Table I). These RNAs proved to be viable but exhibited a 
reduced rate of replication [cytopathic effect (CPE) developed 4-6 days after transfection 
vs. 2 days in the case of wild-type (wt) transcripts]. Sequencing the virus pools showed 
that N70/A had retained the engineered mutations while an adenosine insertion was found 
in N70/B within an internal oligo(A) tract downstream of the UAG stop codon (shown in 
bold, Table I). The recovered viruses showed impaired replication (≥ 10-fold decrease in 
the single-cycle growth yield at 8 h p.i.) and small-plaque phenotypes (Fig. 2A,B).  
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Table I. 3’-terminal sequences of some engineered CVB3 mutants and of the viruses recovered after 
transfection   
 3’-TERMINAL SEQUENCE  
 MUTANT  
 CDNA   RECOVERED VIRUS  
∆3’NCR-
N70/A 
...ORF(UAG)AGCAGAUGAAGAAGACGGGAA
GAGAGACAUGACAUGAUCGGUGUAUGG
AUAGGAAGAUAGU4AUUGUUA30-3’ 
...ORF(UAG)AGCAGAUGAAGAAGACGG
GAAGAGAGACAUGACAUGAUCGGU
GUAUGGAUAGGAAGAUAGU4AUUGU
UAn-3’ 
∆3’NCR-N70/B 
...ORF(UAG)AAUACAUA8CCGU4A5GGAGUG
AAAGUAAAUACAGAGCGAGGAACUGGU
GAAAUGAUUAUA30-3’ 
...ORF(UAG)AAUACAUA8ACCGU4A5GGA
GUGAAAGUAAAUACAGAGCGAGGAA
CUGGUGAAAUGAUUAUAn-3’ 
∆poly(A)  ...WT 3’NCR(CGG) –UCGA-3’                                        ...WT 3’NCR(CGG)-UCGAn-3’ 
∆poly(A)-G23   ...WT 3’NCR(CGG)-G23-3’                                        ...WT 3’NCR(CGG)-G(G)An-3’ 
∆poly(A)-C9G  
...WT 3’NCR(CGG)-C9G-3’                                        ...WT 3’NCR(CGG)-CCUUUAn-3’ 
∆3’NCR-
∆poly(A)a   ...ORF(UAG) UCGA -3’                                                       ...ORF(UAG)-UCGAAn-3’ 
∆3’NCR-N111 
-∆poly(A ...ORF(UAG)-N111- UCGA 3’                                        
...ORF(UAG)-N111-
UCGAGAAU13AAUAAAn-3’ 
∆3’NCR-N70-
∆poly(A) 
+AAUAAA  
...ORF(UAG) –N63-AAUAAAUAUUGUU-3’                    
...ORF(UAG)–N63-
AAUAAAUAUUGUUAUUAUUU- 
ACACA8GUGUAAAUAAUAACAAUA
AAAn-3’                                                            
∆3’NCR-
∆poly(A)-G15a ...ORF(UAG)-G14- UCGA 3’                                          
..ORF(UAG)-G14-G-
UCGA4U24AAAUAAAUAAAAUAAAAn3’ 
∆3’NCR-
∆poly(A)-
C14G a 
...ORF(UAG)-C14G - UCGA 3’                                        
...ORF(UAG)-C14G-
UCGA6U24AAAUAAAUAAAAUAAAAn3’ 
 
The stop codon of the open reading frame (ORF) is shown in italics, the sequences acquired after transfection are 
in bold, the canonical cellular polyadenylation signal, AAUAAA, is underlined and the partial SalI site is 
double-underlined. The last trinucleotides of the ORF or wt 3’NCR are given as subscripts in parenthesis. N63 
corresponds to the first 63 bases of the N70/A sequence and N111 corresponds to 5’-
GAGGAAUAACAGAUGA5GGU4CAGGGCAGAUAGAAUUAGGUAAUUGCCUAUGUUGAUAUGCGUU
UCCUGCAGGCGGCCGCGAAUUCACUAGUGAUUGUACAUAGAG-3’. a Indicates the use of a ribozyme-
containing construct for these particular mutants. 
 
Luciferase-expressing CVB3 replicons with the 3’NCR replaced by the randomized 
RNA segments were assayed for RF accumulation in a cell-free system. The assay was 
performed with RNA transcripts containing two 5’-terminal non-viral G residues 
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(originating from T7 RNA polymerase promoter), which suppressed (+) strand RNA 
synthesis, allowing thereby estimation of the (-) strand synthesis (14,38). Randomization 
of OriR resulted in a severe deficiency in RF accumulation (Fig. 2C), suggesting 
impairment of the (-) strand initiation. OriR randomization also inhibited RNA replication 
in BGM cells, as determined by using luciferase-expressing CVB3 replicons (Fig. 2D). 
The replicon RNAs used to transfect BGM cells contained authentic 5’-ends (due to the 
presence of a ribozyme sequence), improving replication kinetics (14,38). The viral RNAs 
extracted from virions harboring randomized OriRs possessed a markedly shortened 3’-
poly(A) (30-35 nt on average) but their 5’-poly(U) on (-) RNA retained a wt length of ~20 
nt (Fig. 2E). 
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Figure 2: Characterization of CVB3 3’NCR randomization mutants using single-cycle growth curves (A), in 
which the 50% tissue culture infective dose (TCID50) is set against the time of incubation (time), plaque assay, in 
which the dilution factor is indicated underneath the depicted well (B), and in vitro replication assay (C). GuHCl, 
guanidinium hydrochloride. D. Luciferase activity of wt or mutant RNA determined 8 and 24 h post transfection 
in BGM cells expressed as the fold difference between cells incubated in the presence and absence of GuHCl. E. 
3’-Poly(A) and 5’-poly(U) sizes of the ∆3’NCR-N70/A (N70A) and ∆3’NCR-N70/B (N70B) mutants. The 3’-
poly(A) columns represent the means ± S.D. of 3 independent experiments; the 5’-poly(U) columns represent the 
means ± S.D. of 10 values. **  corresponds to p<0.01. 
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These data confirmed the OriR involvement in the replication of (-) strands and 
uncovered its role in controlling the poly(A) length of the viral RNA. On the other hand, 
OriR has little, if any, effect on the poly(U) length in (-) strands. 
 
STRUCTURAL REQUIREMENTS OF ORIR THAT CONTROL THE POLY(A) SIZE  
Previous studies indicated that the enterovirus OriR has a conserved structure 
composed of helical domains joined by a kissing interaction (K) between the loops of the 
X- and Y-domains (Fig. 3A and 3B). Disruption of this interaction by alteration of 6 nt 
(mutant KD1) or 4 nt (KD2) in the 3’-terminal component of the kissing interaction (Fig. 
3C) resulted in quasi-infectious transcripts: after a delayed CPE, viable viruses were 
recovered from the transfected cultures but none of them faithfully retained the engineered 
structure.  
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Figure 3: Secondary and tertiary structures of wild type and mutant CVB3 3’NCRs. Secondary (A) and tertiary 
(B) structure of the wt CVB3 3’NCR. The 3’NCR consists of three hairpin domains, X, Y and Z. The structure 
can be closed by an interaction between the poly(A) with a four-nucleotide U-stretch overlapping the OriR and 
the 3D-coding region. The X domain can be stacked to the tertiary “kissing” (K) interaction to form a coaxial 
helical element, which is connected by single-stranded nucleotide stretches to a second coaxial helical domain Z-
Y. C. Schematic representation of the kissing distortion mutants, KD1 and KD2, in which 6 and 4 bp, 
respectively, were mutated (underlined).  D. Partial 3’NCR sequence of a virus recovered after transfection with 
the KD1 mutant. The inserted cytosine residue in the recovered mutant is underlined. E. The entire 3’NCR 
sequence of a virus recovered after transfection with the KD2 mutant.  
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The pseudoreversions found exhibited by the  viruses could be grouped into two 
types. The representative of one class acquired a mutation restoring potential for a stable, 
though altered, kissing interaction. Thus, a C insertion at position 7350 could 
potentially support an alternative 6-nt kissing interaction (Fig. 3D). When this mutation 
was engineered into the KD1 RNA, a virus (KD1+C) exhibiting a nearly wt phenotype 
was obtained, as judged by plaque size, single-cycle growth, cell-free RF formation, and 
luciferase expression in transfected BGM cells (not shown). The poly(A) of the KD1+C 
viral RNA was ~70 nt-long, close to the wt value (not shown). Besides this C-insertion no 
other mutations were found thus far that could potentially restore the kissing interaction. 
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Figure 4: Characterization of CVB3 3’NCR deletion mutants using single-cycle growth curves (A), plaque assay 
(B), and in vitro replication assay (C). ∆ indicates a deletion. (D) Luciferase activity of wt or mutant RNA 
determined 8 and 24 h post transfection in BGM (see legend to Fig. 2 for details). E, 3’-Poly(A) size. * and ** 
correspond to p<0.05 and p<0.01, respectively. The columns represent the means ± S.D. of 3 independent 
experiments. 
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The second class was represented by mutants with spontaneous deletion of both X and 
Y domains (Fig. 3E). To investigate the significance of these domains, deletions of either 
X or Y, or both, or the entire heteropolymeric 3’NCR were engineered into the CVB3 
RNA. The separate deletions of X or Y were engineered into p53CB3/T7 RNA, whereas 
more extended deletions were introduced into pRibCB3/T7, which was found to be more 
infectious due to the presence of the hammerhead ribozyme sequence (14,38). All 
constructs tested had a poly(A) of 30 nt and  generated CPE in transfected culture, though 
with a significant delay (Table II). Recovered viruses retained the engineered mutations 
and did not acquire any additional changes within the 3’NCR. In the ∆3’NCR and ∆XY 
mutants, the entire genome and P3 region were sequenced, respectively, and no additional 
mutations were found. All these mutants exhibited a marked deficiency in the virus 
reproduction (Fig. 4A) and a small plaque-phenotype (Fig. 4B) as well as inefficient cell-
free RF accumulation (Fig. 4C) and RNA replication in BGM cells (Fig. 4D). The 
mutations were also accompanied with a severe reduction in poly(A) length, to ~45 nt 
(∆X), ~30 nt (∆Y), and ~20 nt (∆3’NCR) (Fig.4E). The deletion of the Z-domain alone 
had no significant impact on poly(A) length. 
 
Table II: Time to CPE after transfection or infection with CVB3 OriR mutants  
 DAYS BEFORE CPE  
 
CONSTRUCT/ MUTATION  
 
POST 
TRANSFECTION   POST PASSAGE  
p53CB3/T7 (wildtype) 1 nd 
p53CB3/T7-∆X - 4 
p53CB3/T7-∆Y - 4 
pRibCB3/T7 (wildtype) <1 nd 
pRibCB3/T7-∆X∆Y 4/5 nd 
pRibCB3/T7-∆3’NCR 5 nd 
5x106 cells were transfected with ~4µg of RNA. “-“ means no detectable CPE; nd – not done. 
 
These results confirmed that efficient viral RNA replication requires an OriR with a 
sufficiently stable kissing interaction, although the sequence of the K-domain could vary. 
Also, the efficient initiation of the (-) strand and generation of long poly(A) tails in the 
progeny (+)RNA could not be supported by its individual domains. 
  
EFFECT OF POLY(A) LENGTH ON THE INITIATION EFFICIENCY OF NEGATIVE-STRAND 
RNA SYNTHESIS  
As assayed by cordycepin-treated transcript RNA (see Materials and Methods), the 
minimal poly(A) size ensuring efficient cell-free RF RNA synthesis was ~20 to 30 nt (Fig. 
5). These results are in line with previous reports showing that a poly(A) of ~20 nt is 
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sufficient for the efficient replication of poliovirus (also an enterovirus) (39), whereas 
shorter poly(A) resulted in a dead or highly debilitated virus (2,10,31,40).   
Thus, the minimal length of the poly(A) in the (+) RNA ensuring efficient replication 
is ~20 nt, coinciding with the poly(U) length in the (-) RNA. 
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Figure 5: The minimal 3’-poly(A) size required for efficiently (-)-strand RNA synthesis in vitro. CVB3 
replicons, P1 region exchanged for a luciferase gene, were used varying in 3’-poly(A) size. To prevent 3’-end 
elongation in vitro, RNA transcripts were cordycepin-treated. The RF accumulation was visualized by 
autoradiography.  
 
REGENERATION OF RNA 3’-TAILS IN VIRUSES RECOVERED FROM POLY(A)-LACKING 
GENOMES  
To better understand the role of poly(A) in replication, mutant viral cDNAs were 
generated, in which poly(A) was either missing [∆poly(A)] or replaced by other 
sequences, such as G23 or C9G [∆poly(A)-G23 and ∆poly(A)-C9G]. The ∆poly(A) 
construct contained 3’-terminal TCGA derived from a SalI site at the linearization locus. 
Transcripts of all these constructs exhibited a CPE delayed for 2 to 3 days and generated 
viruses with newly acquired 3’-poly(A), as evidenced by the ability of oligo(dT)18 to serve 
as a reverse primer in PCR-based sequencing. The RNA of the recovered ∆poly(A) 
mutant corresponded to its DNA construct, whereas the poly(G) moiety of the G23 mutant 
lost 21-22 G-residues and the C9G moiety of the respective mutant was replaced by a 
CCUUU sequence (Table I). No alterations within the heteropolymeric part of 3’NCR was 
detected. The recovered viruses exhibited a nearly wt plaque phenotype at 36°C but 
formed somewhat smaller plaques at 39°C (Table III). In BGM-cells, the poly(A)-lacking 
RNA of ∆poly(A) construct generated, at 10 h post-transfection, luciferase levels equal to 
~10% of that of wt RNA, whereas both G23 or C9G constructs produced luciferase levels 
similar to that found in the cells transfected with wt RNA in the presence of a potent 
inhibitor of viral reproduction, guanidine-HCl (not shown). 
In view of OriR involvement in polyadenylation of viral RNA, the effect of 
simultaneous deletion of heteropolymeric 3’NCR and poly(A) was investigated. When 
applied to the p53CB3/T7-based RNA, such a damage resulted in a nonviable genome. 
However, the equivalent ribozyme-containing transcript with a genuine 5’-end, ∆3’NCR-
4 
ROLE OF CVB3 3’NCR IN (+) AND (-) STRAND SYNTHESIS 
         CHAPTER 4 78 
∆poly(A), was viable, though exhibited a delayed CPE of 5 days after transfection. The 
viral genome acquired a 3’-poly(A) but no other modifications in the 3’-terminal portion 
of the molecule (Table I).  
To better understand the requirements for polyadenylation of poly(A)-lacking RNA, 
viral genomes were generated in which the 3’NCR was replaced by various structures. 
The poly(A)-lacking RNA with the OriR replaced by 111 random nt, ∆3’NCR-N111-
∆poly(A), acquired a 3’-poly(A) preceded by an AU-rich stretch containing a U13 element 
and an
 
AAUAAA hexamer corresponding to the cellular polyadenylation signal, (Table I). 
A ribozyme-lacking N70-∆poly(A) mutant was dead. However, insertion of an 
AAUAAA-containing oligonucleotide into the randomized N70 sequence produced a 
viable virus with 3’-poly(A) preceded by a long AU-rich region containing multiple 
AAUAAA hexamers (Table I). The OriR-lacking RNAs terminated with G15 or C14G 
(together with a SalI site-derived UCGA) also generated viable genomes in which 3’-
poly(A) preceded by relatively long poly(U) tracts and an oligo(A) stretch interspersed 
with several single U residues, again generating AAUAAA polyadenylation-like signals 
(Table I). All the recovered poly(A)-lacking viruses with 3’NCR deletion/substitution 
generate minute plaques (Table III), suggesting that they had a severe defect in viral 
replication. 
 
Table III: Plaque phenotypes of CVB3 OriR mutants. 
 PLAQUE SIZE, MMA  VIRUS  
 36°C   39°C  
Wild type CVB3 4.1± 0.9 4.3 ± 1.4 
G23 3.6± 0.7 3.1 ± 0.9 
C9G 4.0± 1.0 2.8 ± 0.4 
∆3’NCR+∆poly(A) G15 <0.5 <0.5 
∆3’NCR+∆poly(A)C14G <0.5 <0.5 
∆3’NCR+∆poly(A) <0.5 <0.5 
∆3’NCR-N111+∆poly(A) P1 <0.5 <0.5 
∆3’NCR-N111+∆poly(A) P5 <0.5 <0.5 
N70+∆poly(A)+AAUAAA <0.5 <0.5 
 
a The size was measured on the 2nd day p.i., except for plaques with a diameter of less than 0.5 mm, which 
became discernible only on the 3rd day p.i. 
 
The results indicated that poly(A)-lacking viral RNA can be viable but that 3’-poly(A) 
is readily regenerated. This poly(A) is usually, but not always, preceded by newly-
emerged AU-rich sequences.  
 
GENETIC INSTABILITY OF ABERRANT 3’NCR IN VIRAL RNA  
To understand whether the aberrant 3’NCRs could be functionally “improved” by 
natural evolution, viruses containing such 3’NCR were subjected to additional passages. 
The 3’NCR of ∆3’NCR-N70/A RNA remained unchanged after 5 passages, although the 
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plaque size was somewhat increased (data not shown), possibly due to alterations 
elsewhere in the viral RNA. Four clonal derivatives of ∆3’NCR-N70/B RNA exhibited 
several differences compared to the original recovered viruses and underwent further 
changes upon passages (Table IV).  
 
Table IV: Genetic instability during passages of viral RNA containing aberrant 3’NCR  
 PARTIAL 3’NCR SEQUENCES  
 
Mutant 
 
 PASSAGE 1   PASSAGE 5  
∆3’NCR-
N70/B1 ..ORF(UAG)-AAUACAUA8A4CCGU4..                    ..ORF(UAG)-AAUACAUA8A8CCGU4… 
∆3’NCR-
N70/B2 
..ORF(UAG)-AAUACAUA8A8CCGU4..  
..GUA3UACAGAGCGAGGAACUGGUG
A3UGAUUAUAn3’    
..ORF(UAG)-AAUACAUA8A6CCGU4..             
..GUA∆AUAn-3’ 
∆3’NCR-
N70/B3 
..ORF(UAG)-AAUACAUA5GAACCGU4…                                                             
..GAACUGGUGAAAUGAUUAUAn-3’ 
..ORF(UAG)-AAUACAUA8A10CCGU4..        
 ..GA∆UUAUAn-3’                                                   
∆3’NCR-
N70/B4 
..ORF(UAG)-AAUACAUA8AAACCGU4…                                                         
...ORF(UAG)-AAUACAUA8A23CCGU4… 
∆3’NCR-
N111-
∆poly(A) 
..N111-GUCGAGAAU13AAUAAAn-3’a              
..N111-UCGAGAAU21A7UAGUGACU12UAUC           
ACAACAGAAGUA4UGUUGCUUUGUAn-
3’b 
∆3’NCR-
N111-
∆poly(A)/1 
..N111-GUCGAGAAU24AAAAAUAAAn-3’                    ..N111-GUCGAGAAU26AAUAAAA16AAU          
AAAAn-3’ 
∆3’NCR-
N111-
∆poly(A)/2 
..N111-GUCGAGAAU25A10AAUAAAn-3’                  
..N111-GUCGAGAAU24A4AAUAAAA9AAU       
AAAA13AAUAAAAn-3’ 
∆3’NCR-
N111-
∆poly(A)/3 
..N111-GUCGAGAAU29A4AAUAAAn-3’                  ..N111-GUCGAGAAU27A23AAUAAAAn-3’ 
∆3’NCR- 
N111-
∆poly(A)/4  
..N106-UAUAUAGAGUCGAn-3’  
..N111-GUCGAGAAU21A7AAUAAAUAAAA5 
AAU AAAA13AAUAAAAn-3’ 
 
a  Recovered virus; b  passage 10. 
The stop codon is shown in italics and given as subscripts in parenthesis, the sequences acquired after 
transfection are in bold, the cellular polyadenylation signal, AAUAAA, is underlined, ∆ means deletion and the 
partial SalI site is double underlined. For the mutant N70/B cDNA and N111 sequences see Table I. 
 
Modifications included a marked increase in the length of internal oligo(A) blocks 
(e.g., from 3 to 23 nt in ∆3’NCR-N70/B4) and deletions of 13 or 29 nt-long 
heteropolymeric segments. The virus recovered after transfection with ∆3’NCR-N111-
∆poly(A) as well as its 4 clonal derivatives exhibited, upon passaging, in addition to 
lengthening of internal poly(A), also lengthening of poly(U) and acquisition of relatively 
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extended AU-rich sequences containing the AAUAAA hexamers (Table IV). None of 
these changes were accompanied by a significant increase in the plaque size.  
 
DISCUSSION 
Evidence is presented here that the mutual templating of the 3’-poly(A) of (+) RNA 
strands and 5’-poly(U) of (-) strands in viruses with positive RNA genomes, exemplified 
by enteroviruses, is not straightforward. In CVB3 (and three other enteroviruses), poly(U) 
is ~20 nt-long, whereas poly(A) is ~4 times longer. Destruction of the OriR, a cis-element 
in the 3’NCR of genomic RNA, significantly reduces the poly(A) size and decreases the 
efficiency of (-) RNA synthesis but does not affect the poly(U) length. Even though 
efficient genome replication requires the presence of a poly(A) of at least ~20 nt, its 
complete removal did not kill the virus because of the poly(A) capacity to regenerate.  
  
MECHANISM AND CONTROL OF VIRAL RNA POLYADENYLATION.  
The existence of a longer poly(A) compared to its poly(U) template indicates that 
polyadenylation of viral RNA is not limited to the faithful copying of the template. 
Theoretically, additional polyadenylation may be due to either reiterative usage of the 
poly(U) template or a nontemplated reaction catalyzed by a terminal nucleotide 
transferase (TNT)-like enzyme or poly(A) polymerase. Since the poly(A) is markedly 
shortened in the absence of OriR, the mechanism should involve this cis-element.  
The reiterative hypothesis (Fig. 6A) assumes that the synthesis of a longer poly(A) is 
due to a kind of “stuttering” of the viral polymerase, common to negative-strand RNA 
viruses (41,42). The OriR role may be envisioned as follows. The nascent OriR, just 
released from the RNA-dependent RNA polymerase (RdRP) molecule engaged in the 5’-
poly(U) copying, interacts with this RdRP in cis (43) and “encourages” it to repeatedly 
use the poly(U) template. The RdRP/ OriR interaction may be aided by other cellular (44) 
or viral proteins (45). Cases of increase in the length of internal oligo(A) in poliovirus 
(23,46) and foot-and-mouth disease virus (47) RNAs support the possibility of reiterative 
copying during picornavirus RNA replication. In this model, additional polyadenylation of 
viral RNA is replication-coupled, which is compatible with relative inefficiency of the 
RdRP complementation in trans (48,49). 
On the other hand, poly(A) elongation may result from 3’-terminal adenylate 
additions. In this case, the nascent viral RNAs has only ~20 nt-long poly(A). Further 
polyadenylation is accomplished by a TNT-like enzyme activated by binding to OriR. 
This job may be performed by a host poly(A) polymerase (50) or the terminal adenylate 
transferase activity may be an intrinsic property of the viral RdRP, as reported for the 
poliovirus enzyme by Neufeld et al (51). A TNT activity has also been detected in RdRP 
of hepatitis C virus (52).  
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Figure 6: 3’-Polyadenylation models. A. The reiterative replication-coupled model. During the synthesis of a 
(+) RNA strand on a (-) RNA template, the nascent OriR just released from the RdRP molecule interacts with 
this RdRP in cis and “encourages” it to repeatedly use the poly(U) template. B. The post-replicative terminal 
adenylation model. The OriR of a newly synthesized (+) RNA [having a ~20 nt-long poly(A)] binds and 
activates an enzyme with the adenylate transferase activity of viral or host origin, which accomplishes poly(A) 
elongation. C. The post-translational terminal adenylation model. Viral RNA with a short poly(A), being 
translated, generates, among other proteins, the RdRP, which binds in cis the nearby OriR just liberated from the 
ribosome. This binding activates the enzyme intrinsic adenylate transferase activity.  
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The OriR-dependent poly(A) additions to the “immature” viral RNA may be post-
replicative (i.e., occurring after completion of nascent positive strand transcription) (Fig. 
6B) or post-translational (i.e., accomplished by the nascent RdRP molecule or TNT-like 
enzyme) (Fig. 6C). The post-translational hypothesis would explain why translation of 
viral RNA is a prerequisite for its replication (53). The “maturation” of viral RNA through 
its further polyadenylation is required for its usage as template for the next round of RNA 
replication and also contributes to its stabilization.  
It cannot also be excluded that the OriR itself controls the poly(A) length just by its 
stabilization. 
Although the above hypotheses are speculative, each of them makes specific 
predictions amenable for experimental testing.  
 
CONTROL OF INITIATION OF NEGATIVE STRANDS.  
Although OriR is not essential for the (-) strand synthesis (29,31; this study), it is 
important for its efficiency. Again, several mechanisms of such a control can be 
considered. One may suppose that binding of the viral RdRP (within an RNP complex or 
otherwise) to the OriR is a prerequisite for efficient initiation of (-) RNA synthesis or that 
the very presence of OriR makes the poly(A) tail more accessible for the initiation 
complex. Either of these notions can easily be combined with the models of poly(A) 
elongation considered above.  
Remarkably, transcripts harboring certain OriR mutations produced progeny in which 
these mutations were not retained but either a wt-like OriR structure was regained or this 
structure was completely destroyed (see KD1 and KD2). Hence, it could be more harmful 
for the virus to possess certain OriR modifications than to lack this element altogether. 
This may indicate that some OriR modifications do not permit formation of a functional 
initiation complex, resulting in a dead genome.  
Even though OriR controls the efficiency of (-) RNA synthesis, it does not appear to 
affect the site at which this synthesis is initiated. The fixed location of this site could be 
explained by unavailability of other loci on the poly(A), due for example to masking by 
PABP (10,11), other components of the replicase complex or a higher-order RNA 
structure (54). Nevertheless, it is difficult to envision how the choice of the initiation site 
could be independent of the poly(A) size, if it is merely determined by any sort of 
template masking. Rather the results seem to suggest the existence of a tool able to 
measure the appropriate distance (~20 nt) downstream of the heteropolymeric part of the 
viral RNA regardless of its sequence or structure. The nature of this tool is yet to be 
elucidated, but a possible role of the CRE(2C), the site of VPgpUpU synthesis utilized for 
(-) strand RNA synthesis, cannot be excluded (14). One may also speculate that a putative 
cis-element in the RdRP-coding part of the viral RNA (31) may be involved in such 
measurements. 
4 
ROLE OF CVB3 3’NCR IN (+) AND (-) STRAND SYNTHESIS 
         CHAPTER 4 83 
There is still another possibility for maintaining a constant poly(U) length. Following 
the nidovirus example, where the (-) RNA strand is synthesized discontinuously (55,56), 
one may contemplate that VPg-dependent synthesis of enterovirus (-) strands starts at or 
near the 3’-end of the poly(A) template but after synthesizing ~20 nt-long poly(U), the 
viral RdRP together with the nascent poly(U) jumps to the heteropolymer/homopolymer 
boundary to continue the elongation. As yet, such a mechanism for picornaviruses is not 
supported by any evidence. 
 
EMERGENCY TAILING OF POSITIVE STRANDS.  
Efficient enterovirus replication requires the presence of a poly(A) tail in viral RNA 
with a minimal length of ~20 nt. Nevertheless, most poly(A)-lacking constructs proved to 
be (quasi)-infectious, generating genomes with newly-acquired AU-rich tails terminating 
with poly(A). Such nucleotide preference might reflect peculiarities of a yet-to-be-defined 
tailing reaction or merely resulted from selection because other types of tails might confer 
a lesser fitness. Mechanisms of elongation of the RNAs lacking poly(A) [or poly(A) and 
3’NCR] are not necessarily the same as those operating in the case of wt viruses.  
At least for the cases, where the engineered RNA did not possess an appropriate 
oligoadenylate to bind, or to generate, the VPg-pUpU primer [e.g. ∆3’NCR-N70-
∆poly(A) and  ∆3’NCR-N111-∆poly(A)], it is likely that some tailing of the viral RNA 
occurred prior to its use as a template for the (-) strand. Such tailing may involve a TNT-
like enzyme of viral or host origin or non-replicative recombination (46,57,58), or both. 
Participation of recombination is supported by the observed inclusion of apparently host-
derived sequences identical to a part of the human heterogeneous nuclear RNP U mRNA 
(residues 2408-2437) into the acquired 3’-tails upon passages (data not shown).  
Passages of viruses with altered 3’-tails resulted in further modifications, e.g., 
elongation of internal poly(U) and poly(A) stretches. One may hypothesize that in 
addition to the terminal nucleotide transfer and recombination, reiterative synthesis using 
either 3’ end-adjacent sequences of (+) strand or 5’ end-adjacent sequences of (-) strand as 
templates may be involved. It seems likely that similar aberrant tailing can occur during 
the wt virus infection as well, but low-fitness viruses thereby generated are readily 
outcompeted and become undetectable.  
Not surprisingly, the AU-rich sequences often contain one or more canonical cellular 
nuclear polyadenylation signals, AAUAAA. It is unknown whether they appear just by 
chance or are selected because they promote recruitment the host polyadenylation 
machinery. A possible contribution of the AAUAAA signals to the appearance of 
oligo(A) stretches in the aberrant 3’-tails of the viral RNA is supported by the finding that 
the addition of this signal restored viability of ∆3’NCR-N70-∆poly(A) RNA (table II). 
Also in Bamboo Mosaic Virus it was shown that this hexameric sequence is involved in 
genomic RNA polyadenylation (59). Furthermore, treatment of human cells with siRNAs 
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specific for the cellular polyA polymerase resulted in downregulation of the enzyme and 
inhibition of poliovirus replication (C. Polacek and R. Andino, unpublished data). The 
origin of the poly(U) blocks in the (+) RNA molecules is enigmatic. It cannot be excluded 
that they are also due to a TNT-like activity. Remarkably, these segments are often 
located upstream of the 3’-poly(A). Hence, if tailing occurs at the level of viral RNA, the 
3’-poly(A) may be added by snap-back synthesis on poly(U) blocks. However, the 
scarcity of experimental data makes such notion rather speculative.  
Mechanisms of the (-) RNA initiation on the abnormal 3’-tails of the genomic RNA 
are yet to be determined, but our data suggest that viral RNA undergoes polyadenylation 
prior to replication. 
 
ROBUSTNESS OF THE VIRAL GENOME.  
Illuminating examples of the robustness of the enteroviral genomes are accumulating. 
The OriR, a highly conserved cis-element, controls polyadenylation of the progeny RNA 
and initiation of the (-) strands but is nevertheless dispensable for viral viability (29,30,31; 
this study). Removal of poly(A), an element required for efficient genome replication, 
especially in combination with OriR inactivation, inflicted a severe damage to the viral 
fitness, though again usually not fatal. The poly(A) is functionally replaced by newly 
acquired AU-rich poly(A)-terminated 3’-tails potentially able to accommodate the VPg 
primer. Such a relatively unspecific regeneration of damaged 3’-tails of viral RNAs is not 
unique for enteroviruses (60).  
Several mechanisms may be responsible for the viral robustness. Firstly, the error-
prone viral RdRP generates a variety of neutral or slightly detrimental mutants, not 
accumulating under normal conditions. However, “at emergency”, when the viral genome 
is severely invalidated, some of such mutations may result in a fitness increase, as 
exemplified by apparent restoration of the functional OriR structure after destruction of 
the kissing interaction (24; this study) or changing mutual orientation of the OriR helical 
elements (25). Secondly, OriR belongs to a class of cis-elements, which are important but 
not essential. It is tempting to assume that such elements could have been acquired at 
some steps of enterovirus evolution in order to increase viral fitness. If so, the OriR-
lacking mutants could be regarded as relying on ancient, “atavistic” replicative tools. 
Regeneration of poly(A) after its complete deletion suggests the existence of unspecific 
mechanisms, which may “revive” nearly dead viruses. Some of these mechanisms perhaps 
involve host enzymes.  
Although certain RNA damages may generate rather crippled viruses, their very 
survival gives them chances to acquire by recombination either their lost element(s) or 
structurally unrelated but functionally active element from other viruses or hosts. Such 
loss of an element and acquisition of its functional substitute from an outside source may 
be an important path of viral evolution. 
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MATERIALS AND METHODS 
CELLS AND MEDIA 
Buffalo green monkey (BGM) cells were grown in minimal essential medium, MEM (Gibco), supplemented 
with 10% fetal bovine serum (FBS), 2 mM L-glutamine (Sigma), 100 units penicillin per ml and 100 mg 
streptomycin per ml (Sigma). HeLa cells were grown in Dulbecco’s MEM (Gibco) with the same supplements 
(but with streptomycin at 25 mg/ml). HeLa S3 cells (ATCC CCL 2.2) were grown either (i) in tissue culture 
flasks in Dulbecco’s modified Eagle medium-nutrient mixture F-12 (Ham) (1:1) (Sigma) with the above 
supplements or (ii) in suspension using suspension MEM (Joklik modified) (Sigma) supplemented with L-
glutamine, antibiotics, and 10% newborn calf serum (Gibco). 
 
COXSACKIEVIRUS CDNA MUTANT CONSTRUCTS 
Randomization of 3’NCR. Mutations were introduced into the infectious pRibCB3/T7 construct (14) by 
PCR using synthetic oligonucleotides (Biolegio, The Netherlands). An oligonucleotide (supplementary data) 
containing 70 random residues downstream of the stop codon (N70) functioned as template in a PCR executed by 
ThermoPerfect DNA polymerase (Integro). Gel-purified products were inserted into the pGEM-T Easy vector 
(Promega) and selected clones were sequences as described below. The DraI and SalI restriction sites 
incorporated in the PCR primers were used to clone the insert into pRibCB3/T7-Stu (7310) digested with StuI 
and SalI. Sequence analysis verified the correct clones. Replicons in which the P1 region was replaced by the 
firefly luciferase gene were devised by a BssHII-SalI digestion (14).  
Partial deletion constructs and kissing distortion mutants. The p53CB3/T7-∆X, p53CB3/T7-∆Y, 
pRibCB3/T7-∆X∆Y, pRibCB3/T7-∆poly(A), p53CB3/T7-∆3’NCR-N70/A-∆poly(A), p53CB3/T7-∆3’NCR-
N70/A-∆poly(A)+AAUAAA, p53CB3/T7-∆poly(A)+C9G, p53CB3/T7-∆poly(A)+G23, pRibCB3/T7-Kissing 
distortion (KD) 6bp, pRibCB3/T7-KD 6bp+C, pRibCB3/T7-KD-4bp constructs were generated by PCR 
amplification using an infectious clone or p53CB3-∆3’NCR-N70/A (p53CB3/T7-∆3’NCR-N70/A-∆poly(A) and 
p53CB3/T7-∆3’NCR-N70/A-∆poly(A)+AAUAAA) as templates and amplification primers (supplementary 
data). PCR products were introduced into a p53- or pRibCB3/T7 infectious clone or luciferase replicon using the 
restriction sites mentioned above. With the exception of the ∆poly(A) constructs all other mutant constructs 
contained a poly(A) tail of 30 residues. The pRibCB3/T7-∆3’NTR-∆poly(A) was engineered using the 
complementary primer set 5’-AAATGGTTGGACTCCT4AG-3’ and 5’-TCGACTA4GGAGTCCAACCATTT–3’ 
already containing the correct overhang to be cloned in pRibCB3/T7-Stu(7310) as described above. For 
pRibCB3/T7-∆3’NTR, pRibCB3/T7-∆3’NTR+G15 and pRibCB3/T7-∆3’NTR+C14G the same method was 
used (for primers see supplementary data). The p53CB3/T7-luc constructs varying in 3’-poly(A) size were PCR-
generated using FPmut3’NCR containing a DraI-site and RPA0-60 reverse oligonucleotides (supplementary data), 
containing a SalI restriction site. PCR products digested with DraI and SalI were cloned into the p53CB3/T7-luc-
Stu (7310) digested with StuI and SalI, rendering constructs containing alternate 3’-poly(A) sizes after 
transcription.  
 
4 
ROLE OF CVB3 3’NCR IN (+) AND (-) STRAND SYNTHESIS 
         CHAPTER 4 86 
BLOCKING THE 3’-TERMINI OF TRANSCRIPT RNA WITH CORDYCEPIN-5’-TRIPHOSPHATE  
Cordycepin (3’-deoxyadenosine, Ambion) was added to the 3’-end of in vitro transcribed RNA using yeast 
poly(A) polymerase (USB) according to the manufacturer’s  recommendations.  
 
RNA TRANSCRIPTION AND TRANSFECTION  
SalI or MluI linearized cDNA served as templates for in vitro transcription by T7 RNA polymerase 
(Promega) (26). BGM cells were transfected in duplicate by a DEAE-dextran method (26) and incubated at 36°C 
and 5% CO2 until complete CPE. Then, the cultures were subjected to 3 cycles of freezing/thawing prior to 
storage at -80°C. If 6 days post-transfection no CPE was evident, the cells were lysed by 3 freeze/thaw cycles 
and 200 µl of cell suspension was transferred to a fresh culture (post-passage). The 50% tissue culture infective 
dose (TCID50) was determined by endpoint titration in BGM-cells (36). 
 
SEQUENCING OF RECOVERED VIRUS RNA 
Viral RNA extraction was performed using the GenEluteTM Mammalian Total RNA Miniprep kit (Sigma). 
RNA was reverse transcribed using Super RT (HT Biotechnology) and RT1 (supplementary data) and PCR-
amplified using FPseq and RPseq. RT-PCR products were subcloned into pGEM-T easy vector (Promega). Two 
independent sequence reactions of selected clones were performed by capillary electrophoresis (3730 DNA 
Analyzer; Applied Biosystems) and Big Dye Terminator version 3 protocols (Applied Biosystems). 
 
VIRUS PURIFICATION 
Two T150 flasks of either HeLa cells (for CVA21 strain Coe) or BGM cells (for CVB3 strain Nancy, EV71 
strain BrCr and ECHO9strain Hill) were infected and incubated until complete CPE.  After 3 freeze/thaw cycles, 
the cell debris was removed by centrifugation at 2500 rpm. Supernatants were collected in a Beckmann 
centrifuge tubes containing 5 ml of 30% sucrose. Virions were pelleted at 140000×g  for 6 h (SW28 rotor, 
Beckman L8-70M centrifuge). The pellet was resuspended in 200 µl of phosphate buffer saline (PBS) and viral 
RNA was extracted as described above.  
 
TAILING OF THE 3’-END OF VIRION RNA  
T4 RNA ligase (Promega) was used to attach an RNA oligonucleotide to virion RNA extracted from 
purified virus (Fig. 1A). A complementary cDNA reverse primer (1) primed the RT reaction. The generated 
cDNA was amplified using primer 1 and virus-specific forward primers (supplementary data). Additionally, a 
semi-nested-PCR was performed using primer 1 and semi-nested (SN) virus specific primers (supplementary 
data) to enhanced specificity to the PCR reaction and to increase the quantity of amplified product. The 
accumulated product was gel-purified and sequenced using the semi-nested PCR forward primers. 
 
5’-RACE-ASSAY  
T25 flasks containing, depending on the virus strain (see above), BGM or HeLa cells were infected with an 
MOI of 10 TCID50/cell. Cells were lysed 6 h post infection (p.i.) and total RNA was obtained as described 
above. A 5’-RACE-PCR was performed using the 5’RACE system (Invitrogen) according to the manufacturer’s 
recommendations (Fig. 1B). Briefly, the RT-reaction on (-) RNA strands was executed by SuperScript II 
(Invitrogen) with virus-specific RT primers (supplementary data). After first strand cDNA synthesis, an RNase 
removed the original RNA template. Single-stranded cDNA was purified and terminal deoxynucleotidyl 
transferase (Invitrogen) added a 3’-poly(C) stretch. This cDNA was PCR-amplified using an AAP primer 
(Abridged Anchor Primer; 5’RACE system, Invitrogen) and virus-specific forward primers (supplementary 
data), followed by a nested-PCR using an AUAP primer (Abridged Universal Amplification Primer) and virus-
specific nested primers (supplementary data) to enhanced specificity to the PCR reaction and to increase the 
quantity of amplified product. The PCR background did not allow direct sequencing of the PCR-product, 
although the band of interest was clearly distinguishable. Therefore, PCR product was excised from the gel and 
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ligated into a pGEM-T easy vector and the 5’-poly(U) size of 10 colonies was determined by sequencing using 
the nested forward primer (supplementary data).  
 
SINGLE-CYCLE GROWTH ANALYSIS 
Confluent BGM cell monolayers were infected with an MOI of 5 TCID50/cell and incubated at 36°C for 2, 
4, 6, and 8 h (26). Each growth curve was performed in triplicate and viruses were released by 3 cycles of 
freezing/thawing. Virus titers were determined by endpoint titration (36). 
 
PLAQUE-ASSAY 
Six-well dishes with >90% confluent monolayer of BGM cells were incubated with 10-fold virus dilutions 
in MEM for 1 h and rocked every 15 min. After absorption, the cells were overlaid with 2.5 ml of M199 (Sigma) 
containing 3% FBS, 1% glutamine, 0.5% gentamicine, 0.5% penicilline, 0.5% Funguzone, 1% MgCl2 and 1.3% 
Na-bicarbonate in 0.6% agar (1:1 mixture with 2×M199). At 48 or 96 h p.i., cells were fixed by methanol-acetic 
acid (3:1, vol/vol) for 10 min and stained with a 0.5% crystal violet in 20% ethanol. 
 
LUCIFERASE ASSAY 
BGM cells seeded in 6-well plates were transfected using the DEAE-dextran method (26) with 4 µg of 
replicon RNA. Cells were washed twice with PBS and lysed using 200 µl of CCLR lysis buffer (Promega). The 
luciferase assay system (Promega) was used to measure the luciferase activity on a BioOrbit 1251 Luminometer. 
 
IN VITRO TRANSLATION AND REPLICATION ASSAY  
HeLa cell S10 extract and initiation factors were prepared as described (37). Negative strand RNA synthesis 
was analyzed as described (38) with minor modifications: 2 µg of CVB3 RNA transcript were mixed with 30 µl 
of HeLa S10 extract, 2 µl of initiation factors, 5 µl of 10×NTP/energy mix (37), and 1 µl of 100 mM guanidine-
HCl in a volume of 50 µl. All other steps were executed as described (38). 
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SUPPLEMENTARY DATA; Table showing the oligonucleotides used described in  materials and methods 
 
PRIMER NAME   OLIGONULCEOTIDE SEQUENCE 
 
TemplateN70 5’-GCCTGCAGGTCGACACGCGT30N70CTAAAAGGAGTCCAACCATTTAAAGCGT AGAGTTGAAAACGC-3’ 
FPN70 5’-CTAGATCTAGATAGATTT AAATGGTTGGACTCCTT TTAG-3’ 
RPN70 5’-GTACATAGAGTCGACACGCGT13-3’ 
FPmut3’NCR 5’-ACTCTACGCTTTAAATGGTTGGACTCCTTTTAG-3’ 
RP∆X 5’-GGGGGGACGCGTT30ACCCCTACTGTACCG–3’ 
RP∆Y 5’-GGGGGGACGCGTT31CCGCACCGAATGCGGAGAATTTACTTAAGCCAATCT 
AAA–3’ 
RP∆X∆Y 5’-G7GTCGACACGCGT29GGGTTAAGCCAATCTAAATTAT-3’ 
RP ∆poly(A) 5’-G6GTCGACCGCACCGAATGCGGAGAATTT-3’ 
RP N70A∆poly(A) 5’-G7GTCGACGTTAACAATA4CTATCTTCCTATC-3’ 
RPN70A∆poly(A)+AAUAAA 5’-G7GTCGACGTTAACAATATTTATTAAACTATCTTCCTATCCATAC-3’ 
RP  ∆poly(A)+C9G 5’-G8GTCGACACGCGTG9CCGCACCGAATGCGGAGAATTTAC4TACTGTACC-3’ 
RP ∆poly(A)+G23 5’-G8GTCGACACGCGTC23GCACCGAATGCGGAGAATTTAC4TACTGTACC-3’ 
RP KD- 6bp 5’-G6GTCGACACGCGT29CCGCTAACCCTGCGGAGAATTTAC4TACTG-3’ 
RP KD-6bp+C 5’-G7GTCGACACGCGT29CCGCTAACCCTGCGGAGAATTTAC4TACTGTACCGTTA TCTGGTT CGGGTTAGCACAGTAG-3’ 
RP KD- 4bp 5’-G6GTCGACACGAGT29CCGCAAAGCCTGCGGAGAATTTAC4TACTG-3’ 
SP ∆3’NCR 5’-AAATGGTTGGACTCCTTTTAGAAAAAAAAAAAAAAAAAAAAAAAAAAAA ACGCGTG-3’ 
ASP ∆3’NCR 5’-TCGACACGCGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTCTAAAAGGAGTCCAA CCATTT-3’ 
SP ∆3’NCR+G15 5’-AAATGGTTGGACTCCTTTTAG16-3’ 
ASP ∆3’NCR+G15 5’-TCGAC16TAAAAGGAGTCCAACCATTT-3’ 
SP ∆3’NCR+C14G 5’-AAATGGTTGGACTCCTTTTAGC14G-3’ 
ASP ∆3’NCR+C14G 5’-TCGACG14CTAAAAGGAGTCCAACCATTT-3’ 
RPA0  5’-C8GTCGACCGCACCGAATGCGGAGAATTT-3’ 
RPA4 5’- C8GTCGACACGCGT4CCGCACCGAAT-3’ 
RPA8 5’- C8GTCGACACGCGT8CCGCACCGAAT-3’ 
RPA18 5’- C8GTCGACACGCGT18CCGCACCGAAT-3’ 
RPA28 5’- C8GTCGACACGCGT28CCGCACCGAAT-3’ 
RPA60 5’- C8GTCGACACGCGT60CCGC-3’ 
RT 1 5’-GGGCCCGGGCCCGGGCTCGAGT18-3’ 
Fpseq 5’-CACTGTGTCTATAGATCTGCATAACGGGGAGCACG-3’  
Rpseq 5’-GGGCCCGGGCCCGGGCTCGAG-3’ 
Sequence primer 5’-GTTGTTTGACCCTCCCCGCG-3’ 
RNA linkage primer 5’-G20-NH2-3’ 
Aspecific RP 1 5’-C7TCGAGC21-3’ 
3’tailing RP CVB3 5’-GACCAACGCCACTTTCCTAA-3’  
3’tailing RP ECHO9 5’-GCTGAAGCTGGTAAGGACTA-3’ 
3’tailing RP EV71 5’-GTTTTCTACCGGACCATCAG-3 
3’tailing RP CVA21 5’-TTCCTGGTGCATCCAGTGAT-3’ 
SN 3’tailing RP CVB3 5’-ACTCTACGCAGGAAATGGTTGGACTCCTTTTAG-3’  
SN 3’tailing RP mCVB3 5’-GTTGTTTGACCCTCCCCGCG-3’ 
SN 3’tailing RP ECHO9 5’-ATGTGCGCTCGCTATGT CTA-3’ 
SN 3’tailing RP EV71 5’-TTGTCTCCTGGCATGGCATA-3’ 
SN 3’tailing RP CVA21 5’-CTTGGCATAAC GGCGAAGAA-3’ 
5’-RACE RT CVB3 5’-ACCAGCAGATAAGGGAGAGT-3’  
5’-RACE RT ECHO9 5’-TCATATCCGTGGCCCATAGAT-3’ 
5’-RACE RT EV71 5’-GGTTACCTGGGAGAATGCAA-3’ 
5’-RACE RT CVA21 5’-TGACCATGACTCCAGCAGAT-3’ 
5’-RACE FP CVB3 5’-GACCAACGCCACTTTCCTAA-3’  
5’-RACE FP ECHO9 5’-GCTGAAGCTGGTAAGGACTA-3’ 
5’-RACE FP EV71 5’-GTTTTCTACCGGACCATCAG-3’ 
5’-RACE FP CVA21 5’-ATTCCT GGTGCATCCAGTGAT-3’ 
5’-RACE NP CVB3 5’-CCTTCCTGGTGCATCCTGTT-3’ 
5’-RACE NP ECHO9 5’-ATGTGCGCTCGCTATGTCTA-3’ 
5’-RACE NP EV71 5’-TTGTCTCC TGGCATGGCATA-3’ 
5’-RACE NP CVA21 5’-CTT GGCATAACGGCGAAGAA-3’  
FP: forward primer; RP: reverse primer; SP: sense primer; ASP: antisense primer; NP: nested primer and SN: semi-nested. 
Underlined nucleotides indicate the SalI-(GTCGAC) and MluI(ACGC) 
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SUMMARY 
The secondary structures predicted for the enteroviral 3’-nontranslated region (3’NTR 
or 3’NCR) all seem to point to a conformation consisting of two (X and Y) hairpin 
structures. The higher order RNA structure of the 3’NTR appears to exist of an 
intramolecular kissing interaction between the loops of these two hairpin structures. The 
enterovirus B-like subgroup possesses an additional stem-loop structure, domain Z, which 
is not present in the poliovirus-like enteroviruses. It has been suggested that the Z-domain 
originated from a burst of short sequence repetitions (Pilipenko, E. V., S. V. Maslova, A. 
N. Sinyakov, and V. I. Agol, NAR 20: 1739-1745, 1992). However, no functional features 
are yet ascribed to this enterovirus B-like specific RNA element in the 3’NTR. In this 
study we tested the functional characteristics and biological significance of domain Z. A 
mutant of the cardiovirulent coxsackievirus B3 Nancy strain which completely lacked the 
Z-domain, and which therefore acquired enterovirus C-like secondary structures, 
exhibited a wild-type growth phenotype as examined by single-cycle growth analysis in 
BGM-cells. This proves that the Z-domain is virtually dispensable for viral growth in 
tissue culture. Partial distortion of the Z-domain structure resulted in a disabled virus with 
reduced growth kinetics, probably due to alternative conformations of the overall structure 
of the domain. Infection of mice showed that the recombinant coxsackie B3 virus, which 
completely lacked the Z-domain was less virulent. Pancreatic tissue from mice infected 
with wild-type virus and recombinant virus were equally affected. However, the heart 
tissue from mice infected with the recombinant virus showed only slight signs of 
myocarditis. These results suggest that the enterovirus B-like specific Z-domain plays a 
role in coxsackievirus induced pathogenesis. 
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INTRODUCTION 
Enteroviruses are members of the Picornavirus family, a large and diverse group of 
small RNA viruses. According to the present classification (10), the enterovirus genus 
comprises the following species: poliovirus, human enterovirus (HEV) A (coxackie A 
viruses, enterovirus 71), HEV-B (coxsackie B viruses, echoviruses, coxsackievirus A9, 
enterovirus 69,73), HEV-C (coxsackie A viruses), HEV-D (enterovirus 68,70), and at 
least three animal enterovirus species (bovine, simian, and porcine enteroviruses). They 
all contain a genome of approximately 7,500 bases of (+) strand polarity. After infection 
of the host cell, the genome is cap-independently translated into a single polyprotein 
which is subsequently processed by virus encoded proteases into the structural capsid 
proteins and the non-structural proteins mainly involved in the replication of the virus 
(37). 
The coding region is flanked by 5’- and 3’-terminal nontranslated regions. The highly 
structured 5’-terminal nontranslated region (5’NTR) contains the internal ribosome entry 
site (IRES) directing the cap-independent viral translation initiation (27). The cloverleaf 
structure at the 5’end of this region is a multifunctional cis-acting replication element 
which interacts with viral and cellular proteins to form a ribonucleoprotein complex. The 
cloverleaf structure is involved in (i) mediating the switch from viral translation to 
replication (4), (ii) initiation of viral (-) strand RNA synthesis by inducing a circular 
conformation of the genome (7), (iii) plays a role in the uridylylation of the viral protein 
VPg (16), and (iv) enhances the translation efficiency of the IRES region (39). The viral 
RNA-dependent RNA-polymerase (RdRp) 3D catalyzes both (+) and (-) strand RNA 
synthesis. Initiation of (-) and (+) RNA synthesis commences at the 3’ends of the 
respective (+) and (-) strand. Since the 3’ends of the enteroviral complementary strands 
are dissimilar, the replication machinery should be able to recognize two different types of 
cis-acting elements to initiate (-) and (+) strand synthesis (1). The enteroviral genome is a 
single-stranded RNA molecule containing a genetically encoded poly(A)-tail at its 3’-
terminus. Obviously, this ubiquitous homopolymeric stretch cannot serve to direct the 
RdRp to the 3’NTR to initiate viral (-) strand synthesis. Since the viral replication 
machinery is known to exhibit a remarkable specificity for virus-specific RNAs, it is 
natural to assume that specified structures should contain heteropolymeric elements 
conserved among related viruses. The enteroviral 3’NTR folds into two common stem-
loop structures (domains X and Y), in which the genetically encoded poly(A)-tract is 
partly included (Fig. 2A) (28). We, and others, have previously shown that sequences 
within the loop-structure of domain X base pair with complementary sequences in the 
loop-structure of domain Y to form a tertiary intramolecular kissing interaction in all 
enteroviruses analyzed thus far (20,24,29,36). The kissing domain (K domain) could be 
stacked to the domains X and S to form one tertiary super helical domain which is 
connected to the Y-domain by a small bridge of 5 nucleotides (Fig. 2A). The spatial 
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interdependence of the two helical domains X and Y is determined by the kissing 
interaction (21). These interactions may be involved in the specific recognition of ligands 
(proteins and nucleic acids) which play a role in the regulation of the initiation of viral (-) 
strand RNA synthesis. The 3’NTR of the HEV-B viruses, however, possesses an 
additional stem-loop structure Z which can be stacked to the Y-domain to form a second 
super helical domain. Pilipenko et al. (28) previously proposed that the entire Z-domain 
could be regarded as composed of three direct incomplete repeats. The Z-domain is 
phylogenetically well conservered which argues for a biological, and even an enterovirus 
B-like specific significant function (Fig. 1). To investigate the biological significance of 
the Z-domain, we constructed a coxsackievirus B3 mutant lacking the Z-domain and 
coxsackievirus B3 mutants in which the Z-domain was disturbed. The obtained 
recombinant viruses were analysed for their growth properties in vitro and the 
pathogenicity of the recombinant coxsackievirus B3 mutant which completely lacked the 
Z-domain was determined in vivo. 
 
 
Figure 1: Alignment of the HEV-B-specific Z-domain. The sequence homology for the Z-domain of the HEV-
B viruses is shown in grey. The consensus sequence is depicted at the bottom.  
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RESULTS 
STRUCTURAL REQUIREMENTS OF THE Z-DOMAIN IN VITRO 
The Z-domain is a specific well-conserved structural hairpin (Fig. 1 + 2A) which is 
most pronounced in the HEV-B species. Similar truncated domains may be present in 
other human and animal enteroviruses (40). So far, no function could be attributed to this 
putative secondary structure. Also no evidence was found that the acquisition of this 
domain was accomplished through duplications of extended segments. It was suggested 
that the Z-domain could have been originated from a burst of short repetitions (28).  
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Figure 2: Tertiary structure models displaying the Z-domain mutants. Tertiary structure model displaying 
the wildtype-CVB3 (A) and the CVB3 Z-domain deletion mutants (B and C) and the CVB3 Z-domain distortion 
mutants (D and E). The HEV-B-3’ NTR folds into a structure containing three stemloop structures (20, 29) 
designated X, Y, and Z. Also a helical structure S can be formed that closes the 3’NTR. This domain results 
from an interaction between the most distal U stretch of the coding region and the poly (A) tail. An interaction 
between the loops of the X- and Y domain result in a higher order RNA-structure termed “kissing” (K-domain). 
The specific domains X, Y, K and S are indicated in the Fig.s. The HEV-B-specific domain Z is depicted in italic 
characters.  
 
To investigate the structural requirement of the Z-domain for CVB3 replication, a 
deletion mutant was created in which only the top part of the Z-domain was retained (Fig. 
2B) and a mutant which contains a complete deletion of the Z-domain (Fig. 2C), and 
which therefore acquired a poliovirus-like genotype (CVB3-∆Z). The mutations were 
verified by sequence analysis and introduced into the infectious CVB3 cDNA clone 
pCB3/T7. To study the effect of Z-domain deletions on virus growth, BGM-cells were 
transfected with RNA transcripts of the engineered constructs. A cytopathic effect (CPE) 
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was observed upon transfection of both deletion mutants. Sequence analysis of the viruses 
obtained showed retention of the introduced mutation with no reversions in the 3’NTR 
region. The growth characteristics of the viruses obtained were further analysed by single-
cycle growth analysis at 33, 36 and 39°C. Both mutant viruses exhibited growth 
characteristics similar to those of wild-type virus CB3/T7 (Fig. 3). 
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Figure 3: Single cycle growth curve of wild- type and the Z- domain mutants. BGM-cell monolayers were 
infected with wild-type () and mutant viruses (: Upper distortion; : lower distortion; ×: Z deletion mutant;  
∆: partial Z deletion) at an MOI of 1 TCID50. Growthcurves at 33°C and 39°C also showed similar growth 
kinetics. The cells were grown at 36°C for 2, 4, 6 and 8 hours. Virus titers were determined as described in 
Materials and Methods.  
 
The structural requirements of the Z-domain for maintenance of the overall structure 
of the coxsackie B3 virus 3’NTR was examined by the construction of two additional 
mutants in which either the top part or the bottom part of the Z-domain was disrupted 
(Fig. 2D and 2E). Again, CPE was observed after transfection and sequence analysis of 
the obtained viruses revealed no reversions.  
Single cycle growth curves in BGM-cells revealed that distortion of the upper part of 
the Z-domain (Fig. 2D) resulted in a virus with growth characteristics similar to those of 
wild-type virus in BGM-cells (Fig. 3). Distortion of the lower part of the Z-domain (Fig. 
2E) however, produces a disabled virus with a virus yield of about 5 % of that of the wild-
type at 8 hours post infection (p.i.) at all different temperatures (Fig. 3). M-Fold 
predictions (42) showed that disrupting the lower part of the Z-domain resulted in 
alternative conformations of this domain, thereby altering the helical structure and 
terminal loop sequence (Fig. 4). These alternative configurations were not observed in the 
upper distortion mutant. This could explain the negative effect on viral replication in 
BGM-cells of the lower distortion mutant.  
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Figure 4: Lower distortion mutant M-fold structure predictions. Predicted RNA secondary structures of 
CVB3 wildtype virus (A) and the lower distortion mutant (B-D). The distortion of the Z-domain could result in 
alternative conformations of the stem-loop structure with significantly reduced free energies (42). 
 
STRUCTURAL REQUIREMENTS OF THE  Z-DOMAIN IN VIVO. 
To investigate whether the virus-induced lethality is influenced by the deletion of the 
Z-domain and/or the virus dose, BALB/c mice were inoculated with 104 and 105 TCID50 
cDNA-generated wildtype CVB3 and 104, 105, and 106 TCID50 cDNA-generated CVB3-
∆Z. The mice were observed up to day 30 p.i. As shown in Fig. 5, a number of mice died 
during the acute phase of infection (on day 7 up to day 17). While all animals which were 
infected with 105 TCID50 wildtype virus died within 13 days, 50 % of the mice infected 
with 105 TCID50 CVB3-∆Z survived. Even when inoculated with an infectious dose of 106 
TCID50 CVB3-∆Z still 35% of the infected mice survived. The number of surviving mice 
increased when lower virus doses were used for infection. All surviving animals showed a 
loss of body weight (mean 5 g for WT CVB3-infected mice and 3.4 g for CVB3 ∆Z-
infected mice, Fig. 6A), and were seropositive indicating a CVB3-induced disease. Non-
infected control mice were seronegative and showed an increase of body weight (mean 1 
g, Fig. 6A). 
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Figure 5: Lethality of CVB3 wildtype and ∆Z mutant in BALB/c mice. Groups of six female BALB/c mice 
were each infected with 104 and 105 TCID50 cDNA-generated wildtype (WT) CVB3 and 104, 105, and 106 
TCID50 cDNA-generated CVB3 ∆Z mutant. The survival rate was determined daily. 
 
INFLUENCE OF VIRUS DOSE ON SEVERITY OF DISEASE 
The course of CVB3 infection was also studied in the mouse model. Upon 
intraperitoneal infection, the exocrine pancreas is one of the organs to be strongly affected 
by the virus. After replication in the exocrine parenchym of the pancreas, the virus is 
spread via viremia to other organs including heart and spleen. During infection with 
highly myocarditic virus variants, mice usually exhibit a significant loss of body weight 
(up to 40 %, data not shown), which is the consequence of pancreas destruction. However, 
cDNA-generated CVB3 Nancy strain viruses are considerably less virulent. This is 
expressed in a less pronounced maximum body weight loss. Fig. 6A shows that infection 
of BALB/c mice with cDNA-generated wildtype CVB3 induces a body weight loss 
ranging from 4 to 6 grams at infection doses ranging from 102 up to 106 TCID50. The ∆Z 
mutant of CVB3 induces a dose-dependent maximum weight loss: all mice infected with 
102 TCID50 of the ∆Z mutant exhibited a slight increase of body weight (mean 0.2 g) 
while infections with higher doses of the ∆Z mutant resulted in a step-wise increasing 
weight loss up to 4 grams (Fig. 6A).  
Destruction of the pancreatic tissue is summarised in Fig.s 6B and 7A. Using wildtype 
CVB3, all infected mice showed a reduction of pancreas weight up to 80 % (Fig. 6B). The 
histological grades commonly used to describe pancreas destruction were greater than 3 
(Fig. 7A). For the ∆Z mutant, an infection dose of at least 103 TCID50 was necessary to 
establish an infection. Accordingly, no detectable histological changes and a mean 
pancreas weight of 100 mg was observed in mice infected with 102 TCID50 ∆Z mutant. At 
higher doses (103 to 106 TCID50), the pancreas weight was reduced up to 80 % and 
histopathological changes scored greater than 3 as well. 
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Figure 6: Body and organ weights. Indicated is the maximum weight loss during the observation period of 14 
days (A) and the pancreas (B) and heart weight (C) at the end of the experiment. The body weight of all mice 
was determined daily. Black bars are wild-type CVB3 and the white the CVB3 ∆Z mutant. The bars represent 
the means of three to five values; the standard deviation is indicated and shown in grey are the non-infected 
animals. 
 
At day 14 p. i., no heart lesions were macroscopically visible and the heart weights of 
infected mice did not significantly differ from those of uninfected animals (Fig. 6C). 
However, histopathological changes were evident (Fig.s 7B-7E, 8). Mice infected with 
wildtype CVB3 exhibited mild symptoms of myocarditis, i. e., mononuclear cell 
infiltration, myocyte necrosis, and fibrotic alterations (Fig. 8A, 8B). The myocarditis 
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index which represents the mean of the histopathologic scores of cellular infiltration, 
necrosis, and fibrosis ranges from 1 to 1.5 (see Fig. 7E), and is significantly greater than 
in mice infected with the ∆Z mutant. BALB/c mice infected with the ∆Z mutant showed 
only slight myocarditis, i. e., single myocyte necrosis adjacent to blood vessels and few 
infiltrating lymphocytes, and had no detectable fibrotic alterations (Fig. 8C, 8D); the 
myocarditis index ranges from 0.3 to 0.6. The replication pattern of ∆Z-infected BALB/c 
mice indicate an abortive infection. Non-infected control animals showed no symptoms of 
myocarditis (data not shown). 
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Figure. 7: Histopathological analysis. The histological grades of pancreas destruction (A) and heart lesions (B, 
C, D) were scored as described in Material and Methods. The myocarditis index (E) is the mean of the values of 
cellular infiltration (B), necrosis (C) and fibrosis (D). Bars represent the means of three to five values; the 
standard deviation is indicated; n. d.= not detectable. 
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Figure 8: Histological lesions in the hearts of virus-infected mice. BALB/c (A, B, C, D) and A.CA (E, F) 
mice were infected with wildtype CVB3 (A, B) and CVB3 ∆Z (C, D, E, F). At day 14 p. i., the mice were 
sacrificed and the hearts were removed for histologic examination. (A) The HE-stained section of a wildtype 
CVB3-infected mouse (myocarditis score 1.6) shows numerous infiltrating lymphocytes (magnification: 200x). 
(B) Considerable fibrosis in the same region of the heart is evident in the sirius red-stained section 
(magnification: 200x). (C) The HE-stained section of a CVB3 ∆Z-infected mouse (myocarditis score 0.7) shows 
one of few single necrotic myocytes (arrow) characterized by attraction of lymphocytes, loosing its association 
with the tissue, and destruction of intracellular fibrillar structures (magnification: 315x). (D) No fibrosis can be 
detected in the same region of the heart of a sirius red-stained section (magnification: 200x). (E) Lymphocyte 
infiltration and (F) fibrotic lesions in the heart of an A.CA mouse infected with CVB3 ∆Z (myocarditis score: 
1.4, magnification: 315x). For full colour figure see page, 156. 
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To demonstrate the dependence of the virus-induced myocarditis from the host 
genetic background, the histopathologic scores of A.CA mice infected with 2 × 102 
TCID50 ∆Z mutant and BALB/c mice infected with 106 TCID50 ∆Z mutant were 
compared. As shown in Fig.s 8C-F and 9, the lesions of the hearts of CVB3 ∆Z-infected 
mice were generally more pronounced in A.CA mice than in BALB/c mice. The 
myocarditic lesions of ∆Z-infected A.CA mice resemble those of wildtype-infected mice 
and indicate productive replication in the heart. 
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Figure 9: Dependence of CVB3 ∆Z-induced heart damage on host genetic background. A.CA mice and 
BALB/c mice were infected with 2 x 102 TCID50 and 106 TCID50 CVB3 ∆Z mutant, respectively. The 
histological grades of pancreas destruction and heart lesions at day 14 p. i. were scored as described in Material 
and Methods. The myocarditis index summarizes the mean of the lesion scores of infiltration, necrosis, and 
fibrosis of the heart (also given). Bars represent the means of three to five values; the standard deviation is 
indicated; n. d.= not detectable. 
 
DISCUSSION 
The enteroviral 3’NTRs are highly conserved heteropolymeric domains which contain 
two hairpin structures, the X and Y, both involved in the formation of a higher order RNA 
structure, the intramolecular kissing interaction (20,29). The precise function of the 
3’NTR in viral replication still remains obscure. Point mutations introduced to destabilize 
the kissing interaction resulted in a lethal phenotype and therefore the 3’NTR seemed of 
vital importance for viral replication (20,36). However, mutants encompassing a complete 
deletion of the enteroviral 3’NTR appeared to be viable, albeit severely hampered in virus 
growth, and thus the 3’NTR seems to be dismissible for viral replication (33, own 
unpublished results). Agol et al. (1) suggested that the enteroviral 3’NTR is probably 
involved in the regulation of viral replication efficiency possibly along different metabolic 
pathways. For example, regulation can be mediated by the efficient positioning of the 
CRE derived VPgpUpU onto the poly (A) tail to initiate viral negative strand synthesis 
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and/or the interaction of helical elements within the 3’NTR with protein components of 
the replication machinery. The presence of an additional helical element in the 3’NTR 
termed the Z-domain examplifies the evolution of the 3’NTR into a number of foldings 
characteristic of each enterovirus species. The large Z-domain may reflect an adaptation 
of HEV-B viruses to the intracellular environment to regulate viral replication. 
Surprisingly, complete and partial genomic deletion mutants of the CVB3 Z-domain did 
not impair virus growth or reduce replication kinetics in vitro. Likewise, a poliovirus 
mutant which harboured a complete coxsackievirus B3 Z-domain insertion into the 
polioviral 3’NTR region, thus generating a enterovirus B-like poliovirus construct, 
resulted in a mutant virus with wild-type poliovirus growth characteristics (unpublished 
results). This proves that the Z-domain is virtually dispensable for viral growth in tissue 
culture. Disruption of the lower part of the Z-domain structure resulted in a mutant virus 
with reduced growth characteristics compared to the wild-type coxsackie B3 virus. 
Assuming that the overall tertiary structures of the 3’-NTR, i. e., the formation of the 
kissing element (domain K), and the formation of the putative helix S is not disturbed 
(Fig. 2), the nucleotide substitutions of the lower distortion mutant (Fig. 4B) result in a 
significant decrease of free energy (∆G of CVB3 wt: -28.53 kcal/mole, ∆G of lower 
distortion mutant: -23.23 kcal/mole). As an alternative, configurations of the Z-domain 
with altered helical structures and terminal loop sequences may have comparable free 
energies (Fig. 4C), or may be favored (Fig. 4D). As these alternative configurations were 
not observed in the upper distortion mutant, the changes of the Z-domain structure could 
serve to explain the negative effect on replication in BGM-cells of the lower distortion 
mutant. 
In many aspects, experimental CVB infection in the mouse results in lesions that 
resemble certain enterovirus-induced diseases in human such as myocarditis and 
pancreatitis (reviewed in 30, 38). Depending on the host genetic background and the virus 
strain used for experimental infection, CVB3 induces an acute or chronic myocarditis, 
respectively, which may heal or lead to death. Presently, two pathomechanisms of 
enteroviral heart disease are described: i) virus-induced dysfunction and cytolysis of 
infected myocytes, and ii) destruction of myocytes by a virus-stimulated immune process 
(8, 19). In an approach to analyse the effect of the CVB3-∆Z mutation viral virulence, we 
used the immunologically well-characterized BALB/c strain, which was previously 
described as a model for acute CVB3-induced myocarditis with a low probability to 
develop an ongoing myocarditis. This mouse strain is characterized by a pronounced TH1 
response and a high-level antibody production (6,9). For comparison of the virulence of 
CVB3-∆Z mutant with the wildtype virus, histological lesion scores of BALB/c mice 
were also compared with those of A.CA mice. The latter mouse strain was used as a 
model for a chronic myocarditis (11). Following intraperitoneal infection of the mice, 
virus was detectable in pancreas, liver, and faeces as early as 12 hours p.i. The virus 
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strongly affects the pancreas. The disease is characterized by lysis of the acinar cells and 
severe inflammation while pancreatic ducts, and the islets of Langerhans appear normally 
(22). We found that in BALB/c mice, infection of the pancreas led to a significant weight 
loss, which was the result of an almost complete destruction of the exocrine parenchym. 
In comparison to the wildtype CVB3, the ∆Z mutant was clearly less virulent: it required 
tenfold higher infection doses (at least 103 TCID50) than the wild-type virus to induce the 
generation of CVB3-specific antibodies (as indicated by seroconversion, data not shown), 
and to replicate in the pancreas. Replication of CVB3 ∆Z in the heart of BALB/c appears 
to be abortive as tiny lesions were only observed in the vicinity of capillaries (Fig. 8C). 
There were no indications of a cell-to-cell spread as usually seen in wild-type CVB3-
infected mice. Lesion scores of the heart were less severe and most significantly, no 
fibrosis was induced. Moreover, CVB3-∆Z-infected BALB/c mice exhibited a 
significantly reduced maximum loss of body weight during the course of infection, and a 
higher survival rate. A.CA mice, which are used as a model for chronic myocarditis, 
developed a more severe heart disease. This was expressed in a higher lethality (data not 
shown), and in a significantly higher myocaditis index. Unlike in BALB/c mice, A.CA 
mice do not exhibit a restricted ∆Z replication in the heart but infects it productively (Fig. 
8E, 8F). This could be a result of a different local immunity due to the different genetic 
background. More elaborated investigations are required to elucidate this question. 
Taken together deletion of the Z-domain in CVB3 did not result in alternative growth 
characteristics in BGM-cells, which implies that this coxsackievirus B-like specific 
domain has no apparent function in vitro. Surprisingly, infection of BALB/c and AC.A 
mice with the ∆Z mutant showed a reduction in virulence which implies an in vivo 
function for the Z- domain. Tracy et al. (34) stated that the ability of CVB3 to cause 
pancreatitis and myocarditis is due to the capability to induce high titers in the pancreas 
and not due to persistence. The reduced myocarditis index of the CVB3-∆Z mutant may 
be due to (i) reduced replication levels in the pancreas, resulting in virus titers which are 
too low to induce severe myocarditis or (ii) a normal replication in the pancreas, but a 
reduced ability to replicate in the heart possibly as result of an altered tropism, resulting in 
a more rapid clearance of the mutant virus from the heart compared to wild-type CVB3. 
No distinction can be made if the ∆Z mutant virus is less able to induce dysfunction and 
cytolysis of infected myocytes or destruction of myocytes by a virus-stimulated immune 
process. This discrepancy between wild-type growth kinetics in tissue cultures and 
reduced virulence is also described for different mengovirus mutants (3, 18) and flavivirus 
mutants (17). Flavivirus mutants containing deletions in the highly conserved core 
element of the 3’NTR showed no reduction in viral growth kinetics in vitro but proved to 
be attenuated when inoculated in mice. Also mengovirus mutants containing either a 
shortened poly(C) tract in the 5’NTR or a stemloop I deletion in the 3’NTR showed 
growth characteristics similar to wild-type mengovirus in vitro but were clearly less 
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virulent in mice (3). The fact that many animals survived an inoculation of the 
mengovirus stemloop I deletion mutant led to the suggestion that the 3’NTR may play a 
role in cell tropism or induction of the host immune system. These suggestions are in the 
line of our results in which a specific domain in the coxsackie B3 virus 3’NTR plays a 
role in viral virulence as well. Strong conservation of the Z-domain throughout 
enterovirus B-like enteroviruses argues for this stemloop structure as a potential host cell 
protein recognition site.  
In previous reports, the molecular basis of CVB3 attenuation was attributed to 
mutations of the capsid protein VP2 (13) and the 5’-nontranslated region (15,35). 
Although the major attenuating mutations of the Sabine vaccine strains of poliovirus were 
also mapped to the 5’-nontranslated region (23), the significance of this genome region in 
CVB3 attenuation is still in debate (2,41). In this respect, deletion of a putative secondary 
structure of the 3’-nontranslated region introduces another genome region which could 
serve as a possible candidate for the development of a save vaccine strain.  
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MATERIALS AND METHODS 
CELLS AND VIRUSES 
Virus propagations and RNA transfections were performed with BGM-cells grown in minimal essential medium 
(MEM) supplemented with 10% fetal bovine serum (GIBCO). After transfection, MEM containing 10% fetal bovine 
serum was added to the BGM-cells. Virus yields were determined in BGM-cells by endpoint titrations using 8 
replicates of serial 10-fold dilutions in 96-wells plates containing BGM-cell monolayers (14). The 50% tissue culture 
infective dose (TCID50) was calculated according to Reed and Muench (31).  
 
SITE-DIRECTED MUTAGENESIS 
A full-length copy DNA of a cardiovirulent coxsackie B3 virus (pCB3/T7) cloned behind a T7 RNA 
polymerase promoter was used (12). For the oligonucleotide-directed mutagenesis, the coxsackievirus B3 
(CVB3) was subcloned into phagemid pALTERtm-1 (20) and mutations were introduced using the Altered Sitestm 
in vitro mutagenesis system (Promega) according to the recommendations of the manufacturer. Synthetic 
oligonucleotides (Biolegio, The Netherlands) were used to introduce site-specific mutations (Table 1). The 
mutated fragments were cloned into the infectious cDNA clone and the nucleotide sequence of the mutant cDNA 
was verified by sequence analysis as previously described (20).  
 
TRANSFECTION OF CELLS WITH RNA TRANSCRIPTS 
pCB3/T7 plasmids were linearized by digestion with SalI and transcribed in vitro by T7 RNA polymerase as 
described (20). Cells were transfected in duplicates with 4 µg RNA using the DEAE-dextran method (20). The 
cells were grown at 36°C. The cells were incubated until cytopathic effect (CPE) was complete. Upon CPE 
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completion, the cultures were subjected to three cycles of freezing and thawing and the viruses were stored at -
80°C.  
 
Table 1: Overview of the oligonucleotides used. 
MUTATION OLIGONUCLEOTIDE SEQUENCE 
Partial Z- domain deletion  5’-CCGTTATCTGGTTCGGTTAGCACAGTAGGGTTAAGCCGTCTCTAA TC TAAAAGGAGTCCAACCACTTCCTGCG-3’ 
Coxsackie B3 ∆Z mutant 5’-CCGTTATCTGGTTCGGTTAGCACAGTAGGGTATCTAAAAGGAGTC CA ACCACTTCCTGCG-3’ 
Upper distortion of the CVB3 
Z- domain 
5’-GTTAAGCCAATCTAAATTATTTCAAATTAAGGATAATCTAAAAGG AG 
TCCAACCACTTCCTGCGTA-3’ 
Lower distortion of the CVB3 
Z- domain 
5’-TCTGGTTCGGTTAGCACAGTAGGGTTAAGCGTTAGAAAATTATTT CA 
AATTGTCTCTAATCTAAAA-3’ 
 
SINGLE-CYCLE GROWTH ANALYSIS 
Confluent BGM-cell monolayers were infected with virus at a multiplicity of infection (MOI) of 1 TCID50 
per cell and grown at 33, 36, and 39°C for 2, 4, 6, and 8 hours (20). Each growth curve was performed three 
times at each different temperature. Viruses were released by three successive cycles of freezing and thawing 
and subsequently virus yields were determined in BGM-cells by endpoint titrations using 8 replicates of serial 10-
fold dilutions in 96-wells plates  (14). The 50% tissue culture infective dose (TCID50) was calculated according to 
Reed and Muench (31).  
 
SEQUENCE ANALYSIS OF MUTANT VIRUSES 
Viral RNA extraction, cDNA synthesis and PCR amplification using a poly(T) primer and a primer located 
in the 3D-coding region of the coxsackievirus B3 (5'-GTTGTTTGA-CCCTCCCCGCG-3') genome was 
performed as described (20). The resulting PCR products were purified from low-melting agarose and the 
nucleotide sequence of the 3'NTR was determined by sequence analysis as described previously (20). 
 
MICE EXPERIMENTAL DESIGN 
All animal procedures were officially approved in accordance with the German Animal Protection Law. To 
evaluate the influence of virus dose on lethality and severity of myocarditis, groups of six female BALB/c mice 
were inoculated with 102, 103, 104, 105 and 106 TCID50 of cDNA-generated wild-type CVB3 and cDNA-
generated CVB3-∆Z. In a parallel experiment, groups of six A.CA mice were infected with 2 × 102, 2 × 103, 2 × 
104, and 2 × 105 TCID50 cDNA-generated wild-type CVB3 and cDNA-generated CVB3-∆Z. The body weights 
of the mice were estimated daily. Either at day 14 or at day 30 post infection (p.i.), the mice were exsanguinated 
under ether anaesthesia and specimens of heart, pancreas, spleen, and blood were collected. The organ weight of 
the specimens were determined and pancreata and hearts were used for histologic evaluation. The sera were 
checked for CVB3-specific antibodies by enzyme-linked immunosorbent assay (ELISA). 
 
HISTOLOGY 
Heart and pancreas tissues were fixed in 6% formalin solution for at least 24 hours and mounted in paraffin. 
For histologic examination, 5-µm sections were stained with hematoxylin and eosin. At least three adjacent 
sections were examined microscopically for the presence of lesions. For pancreas tissue, the necrosis of the 
exocrine parenchym was scored according to the degree of damage of the exocrine parenchym (score 0: no 
lesions, 1 = ≤10 %, 2 = 10-40 %, 3 = 40-80 %, 4 = 80-100 % lesions). For the hearts, histologic evidence of 
myocarditis and inflammation was classified in terms of the degree of cellular infiltration, myocardial cell 
necrosis, extent of calcification, and fibrosis, and scored on a scale of 0 to 4: 
Score 0: no lesions. 
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Score 1 (slight) describes rare groups of two or three mononuclear cells displacing myocytes, the presence 
of one or two small lesions (focal myocytic degeneration and/or necrosis, calcification of necrotic myocytes), 
and insignificant reaction of interstitial connective tissue. 
Score 2 (mild) describes larger and more frequent mononuclear cell aggregates without confluence between 
adjacent foci, the presence of several small lesions scattered throughout the myocardium, and an increase in 
interstitial connective tissue with the foci. 
Score 3 (medium) describes larger and more frequent mononuclear cell infiltrates with confluent foci 
present, multiple small lesions or several large lesions, and areas of myocyte drop-out replaced by dense stellate 
scars with tendril-like extension into the surrounding myocardium. 
Score 4 (severe) describes many large foci of inflammatory cells, multiple large lesions, focal scars 
accentuated and heavily collagenized, and thickening of unscarred reticulum fibers. 
The statitistical comparisons were carried out with Microsoft Excel by using Student’s T-test. 
 
ELISA 
For ELISA, microtiter plates were coated with 0.1 µg of CVB3-specific polyclonal rabbit antiserum (K3 anti 
CVB3, Institute for Virology, Jena, Germany) per well (100 µl) diluted in carbonate buffer (pH 9.6) at 37 °C for 
3 hours. After incubation, the plates were washed with phosphate-buffered saline (PBS) and 0.05 % Tween 20 
and blocked with 200 µl of 1 % bovine serum albumine (BSA) in PBS at 37 °C for 30 minutes. The plates were 
then washed and incubated with 50 µl of purified virus antigen (CVB3 after HeLa cell passages precipitated in 
1.1.2-trichlorotrifluoroethane, log10 TCID50 ≥ 8.0) or control antigen (uninfected HeLa cells precipitated in 
1.1.2.-trichlorofluoroethane) diluted in PBS/Tween 20 overnight at 4 °C. The plates were washed, and then 
incubated for 1 hour at 37 °C with 50 µl of mouse serum samples diluted 1:10,000 (IgM) or 1:5,000 (IgG + IgM) 
in PBS containing 1% BSA. After additional washing, 100 µl of an appropriate dilution of peroxidase-labeled 
goat anti-mouse immunoglobulin (IgG + IgM, IgM) were added and incubated 2 hours at 37°C. After washing, 
the amount of peroxidase was determined by addition of 200 µl O-phenylene-diamine × 2 HCl (OPD) as 
substrate, and the plates were incubated for 30 minutes in the dark at room temperature. The enzyme-substrate 
reaction was stopped with 50 µl of 2 M H2SO4 per well and measured at 490 nm. Each assay included reference 
positive serum. To establish the cut-off level for a positive value, sera from uninfected control mice were diluted, 
and tested in the assay. The mean optical density (OD) value plus 2 standard deviations was determined, and an 
OD value greater than the corresponding cut-off value indicates a positive reaction. 
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SUMMARY 
As part of a mutational analysis to investigate the functional features of the difference 
in spacing between the different helical domains in the OriR of poliovirus and 
coxsackievirus, we constructed a coxsackievirus B3 (CVB3) OriR mutant that resembled 
the structure of the poliovirus OriR. Plaque assays with the obtained recombinant virus 
revealed homogeneous small plaque phenotype at 36°C but a heterogeneous pool of small 
and large, wild-type like, plaques at 39°C. Genomic sequence analysis of plaques obtained 
at 39°C indicated that the engineered mutation had been retained for both the small and 
large plaques with no additional OriR mutations. The large plaques, however, contained 
an additional U6805A reversion in the 3D polymerase (3Dpol) coding region. This second 
site suppressor mutation introduced a serine to threonine mutation at 3Dpol amino acid 
position 299 (S299T). To determine whether the S299T mutation required the presence of 
the OriR mutation to exhibit the large plaque phenotype at 39°C, mutant cDNA was 
constructed solely containing the S299T mutation. This mutant exhibited a plaque 
phenotype similar to that of wild-type CVB3 at 36°C and exceeding that of wild-type at 
39°C, implying that the aforementioned oriR mutation negatively affected virus 
propagation. The S299T mutation on the other hand increased the efficiency of virus 
propagation even exceeding those of wild type CVB3. These high propagation levels 
could not be attributed to RNA translation, suggesting that the S299T mutation probably 
affects RNA transcription. A computer generated structure model of the CVB3 3Dpol, 
based on the poliovirus 3Dpol structure, suggested that S299 interacts with G328, a residue 
part of the active site GDD motif which is almost universally conserved in RNA-
dependent RNA Polymerases (RdRP). Taken together, the experimental and structural 
data suggest that S299  is involved in nucleotide incorporation. 
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INTRODUCTION  
The genus Enterovirus, member of the Picornavirus family, consists of a large and 
diverse group of small RNA viruses, comprised of the following species: poliovirus, 
human enterovirus (HEV) A (coxackie A viruses, enterovirus 71), HEV-B (coxsackie B 
viruses, echoviruses, coxsackievirus A9, enterovirus 69, 73), HEV-C (coxsackie A 
viruses), HEV-D (enterovirus 68, 70), and at least three animal enterovirus species 
(bovine, simian, and porcine enteroviruses) (13). Their positive-sense single-stranded 
RNA genome of ~7500 nucleotides in length is translated in a cap-independent manner, 
via an internal ribosome entry site, which produces a large polyprotein that is 
subsequently cleaved into a number of intermediate and mature proteins required for virus 
propagation. The most C-terminal protein in the viral polyprotein is 3Dpol, the RNA-
dependent RNA polymerase (RdRP). 3Dpol is responsible for genome replication, which 
commences with the generation of a negative-strand copy of the genome. Subsequently, 
this negative-strand serves as a template for the synthesis of a large number of progeny 
RNA. 3Dpol also performs the covalent linkage of a uracil to the hydroxyl group of the 
Tyr3 on the 22-residue viral 3B-protein thereby generating a peptide primer required for 
both steps in RNA synthesis (24).   
To initiate minus-strand and plus-strand RNA synthesis both 3Dpol and the virus 
peptide primer need to be recruited to a specific site within the 3’-poly(A) tail (32) and to 
the 3’end of the negative strand, respectively. Cis-acting replication elements located at 
the 5’- and 3’- termini of the enterovirus genome are of great importance for viral RNA 
replication. The enterovirus 5’-terminal cloverleaf structure or OriL is a multifunctional 
element that interacts with viral (1) and cellular proteins (4) to form a ribonucleoprotein 
(RNP) complex required for the initiation of both negative and positive strand RNA 
synthesis (2,3,11). The enterovirus 3’-noncoding region (3’NCR) is located immediately 
upstream of the poly(A) tail (Fig. 1A) and contains a multi-domain structure maintained 
by an intramolecular kissing interaction between helical elements X and Y 
(18,19,22,25,34). Mutations destroying this kissing interaction or changing the mutual 
orientation of its helical elements resulted in a significant loss of fitness, as judged by the 
acquisition of temperature sensitive, quasi-infectious or lethal phenotypes (19,25). 
Recently, we have shown that the single-stranded interconnecting regions of the OriR also 
determine its structure and thereby are also important for virus replication (31). Since 
these mutations are associated with a severe suppression of RNA replication it was 
suggested that this part of the viral RNA is required for an efficient initiation of negative-
strand RNA synthesis (19,25,32,34).  
Some structural differences are apparent between the poliovirus OriR and HEV-B 
OriR. In contrast to poliovirus, the OriR of the HEV-B viruses possesses an additional 
stem-loop structure, the Z-domain (compare marked sequences, Fig. 1A and 1B). We an 
others previously reported that the Z-domain is virtually dispensable for viral growth in 
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tissue culture but in vivo studies suggested this element to play a role in CVB3 induced 
pathogenesis (9,21). Also the spacing between the co-axial helical domains Y-X and K-Y 
is different.  
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Figure 1: Tertiary structure predictions  of CVB3 and PV OriRs. A) The CVB3 OriR consists of three stem 
loop domains designated X, Y and Z and a small helical domain termed S. The PV 3’NCR lacks the Z-domain. 
Basepairing between the X- and Y-domain loops result in the K-domain, which can be stacked on top of the X-
domain, which in turn is stacked on top of the S-domain forming one superhelical domain. The other is formed 
by stacking the Y-domain onto the Z-domain (for CVB3). Both superhelical domains are interconnected by 
single-stranded regions, which around the kissing interaction differ in size when comparing CVB3 and PV OriR 
(see sequences marked in grey).  
 
Here, we describe the investigation of recovered virus containing an OriR mutation 
that exhibited a small plaque phenotype at 36°C but a large plaque phenotype at 39°C. 
Sequence analysis indicated that this virus contained an additional U6805A reversion within 
the 3Dpol coding region, which introduces a S299T mutation. When introduced alone, the 
S299T mutation gave rise to a virus that replicated at levels similar to that of wild-type 
CVB3 at 36°C and exceeding that of wild-type at 39°C. This mutant produced a similar 
viral protein synthesis and processing pattern as the wild-type virus, indicating that 
enhanced replication kinetics of the S299T virus cannot be explained by differences in viral 
protein expression. 3Dpol modelling was undertaken to visualize the position of S299 in the 
3Dpol structure. These results suggest that S299, by interacting with G328, is involved in 
nucleotide incorporation. 
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RESULTS 
AN ORIR MUTATION INDUCES A REVERSION WITHIN THE 3DPOL CODING REGION THAT 
ENHANCES VIRUS PROPAGATION EFFICIENCY 
A major structural difference between the poliovirus and coxsackievirus OriR is the 
number of residues spanning the co-axial helical domains Y-X and K-Y (compare Fig. 1A 
and B). In our study to investigate the functional features of this structural difference, a 
poliovirus-like coxsackievirus B3 (CVB3) OriR mutant was constructed that exactly 
resembled the structure of the poliovirus OriR interconnecting regions surrounding the K-
domain. In this mutant the residue bridging the gap between the Y-helix and the kissing 
domain was absent and the single-stranded part of the Y-loop consisted of twelve residues 
(Fig. 2A).  
Mutant RNA was transcribed and transfected in Buffalo Green Monkey (BGM) cells 
to asses the effect on CVB3 replication. Opposed to the 20 hours required for wild-type 
CVB3 to induce complete cytopathic effect (CPE), mutant RNA produced CPE at two 
days post transfection. Sequence analysis of the recovered virus showed retention of the 
engineered mutation and no additional OriR mutations. Virus replication kinetics were 
assessed by plaque analysis at both 36°C and 39°C. At 36°C, the recovered mutant virus 
exhibited a homogenous small plaque phenotype compared to wild-type CVB3 (Fig. 2B), 
but at 39°C, however, a heterogeneous pool of small and wild-type size plaques was found 
(Fig. 2B). Both small and large plaques were plaque purified prior to OriR sequence 
analysis (Fig. 2B, small and large). Both plaque phenotypes retained the engineered OriR 
mutation suggesting that the difference in plaque phenotype observed at 39°C (compare 
small with large, Fig. 2B) might be attributed to compensatory mutations elsewhere in the 
virus genome. Genomic sequence analysis on the large plaques was performed. Only a 
U6805A transversion within the 3Dpol coding region (Fig. 2C), which substitutes the serine 
at position 299 for a threonine (S299T) was found. No compensatory mutation were found 
in small plaque phenotype viruses. Three independent sequence reactions of different 
purified viruses exhibiting a large plaque phenotype yielded this particular S299T mutation, 
thereby excluding a sequencing error.  
Single-cycle growth curves were performed at both 36°C and 39°C to ascertain the 
growth efficiencies of both plaque purified mutant viruses within a single round of 
replication. Plaque purified virus containing solely the engineered OriR mutation 
exhibited delayed growth kinetics compared to wild-type CVB3 at both temperatures 
(OriRm S, Fig. 2D). Plaque purified virus containing both the S299T and OriR mutation, 
however, showed growth kinetics similar to wild-type CVB3 at both 36°C and 39°C 
(OriRm L, Fig. 2D). 
From these results it can be concluded that the S299T mutation serves as a second site 
suppressor mutation which annulled the negative effect of the OriR mutation on virus 
propagation.  
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THE 3DPOL S299T MUTATION INCREASES THE EFFICIENCY OF VIRUS PROPAGATION 
EXCEEDING THAT OF CVB3 WILD-TYPE 
To determine whether the S299T mutation was solely responsible for the virus 
replication kinetics observed at 39°C or whether the phenotype observed is dependent on 
the presence of the OriR mutation, mutant cDNA was constructed solely containing the 
S299T mutation. After transfection of mutant and wild-type RNA transcripts into BGM 
cells at 39°C, CPE was observed at a similar timepoint. Sequence analysis indicated that 
the mutant viruses had retained the engineered U6805A mutation and a wild-type OriR 
sequence.  
A plaque assay was performed at both 36°C and 39°C to assess the replication 
efficiencies of the viruses recovered after transfection at 39°C. After a two-day incubation 
period, the recovered viruses at 36°C exhibited an average plaque size, as determined by 
measuring the diameter of 10 individual plaques (data not shown), slightly exceeding that 
Figure 2: Characterization of OriR mutant 
(OriRm) and recovered viruses. A) Schematic 
representation of the OriR mutant in which the 9-nt 
linker spanning the K to Y-domain is elongated by 
three residues (ACC underlined) and the single 
adenosine bridging the Y-stem to the kissing 
interaction is deleted. B) Plaque assay results of 
viruses recovered after transfection both at 36°C and 
39°C and after plaque purification. C) Schematic 
representation of the amino acid substitution found in 
the CVB3 OriRm 3D coding region. D) Single-cycle 
growth curve performed in BGM-cells of wildtype 
CVB3, OriRm S and OriRm L performed at 36°C and 
39°C using an MOI of 10 TCID50/cell. For details see 
text.  
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of wild-type, whereas at 39°C the recovered mutant viruses displayed a very large plaque 
phenotype that even exceeded those of wild-type CVB3 (compare U6805A with WT, 
39°Cb, Fig. 3A). A single-cycle growth curve at 36°C and 39°C were performed to assess 
the replication kinetics of the S299T mutation in a replication cycle. At 36°C no significant 
difference in replication kinetics was observed between the S299T mutant virus and wild-
type CVB3 (data not shown). At 39°C,  however, S299T mutant virus showed a consistent 
increase in virus titer compared to wild-type, and produced higher end-titers (Fig. 3B), 
concluding that virus propagation was indeed enhanced compared to wild-type CVB3.  
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Pulse labeling experiments using BGM cells were performed at 39°C to compare the 
efficiency of protein synthesis and processing of wild-type CVB3, OriRm L, and S299T 
mutant virus. Cells were infected with an equal MOI and pulse labeled with 
[35S]methionine at various times post-infection. As concluded from the P1 and P3 protein 
bands, protein synthesis for both mutants was maximal at 5.5h post infection (p.i.) 
whereas a similar level of protein accumulation for wild-type CVB3 was observed ~7h p.i. 
(Fig. 3C). The elevated levels of protein synthesis found in both mutants probably reflects 
their enhanced replication efficiencies (Fig. 2D and 3B). At 7h p.i. a similar band pattern 
Figure 3: Characterization of U6805A 
mutant RNA. A) Plaque phenotypes of 
mutant viruses recovered after transfection 
of U6805A mutant transcript RNA at 39°C. 
a: incubated for 2 days at the indicated 
temperature and; b: incubated for 3 days at 
the indicated temperature. B) Single-cycle 
growth curve performed in BGM-cells at 
39°C using an MOI of 10 TCID50/cell of 
wild-type CVB3 (WT) and virus recovered 
after transfection at 39°C (S299T). C) In vivo translation efficiency of a simultaneous infection of wild 
type CVB3, oriRm L mutant and the S299T mutant virus in BGM-cells using an MOI of 10 TCID50/ cell 
as described in the materials and methods section. 
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was observed for both mutants as found for wild-type CVB3, indicating that 3Dpol S299T 
mutation did not affect protein processing (Fig. 3C). In vitro translation experiments 
showed similar translation efficiencies for both S299T mutant and wild type RNA 
transcripts (data not shown), indicating that the differences in in vivo translation described 
above result for dissimilar RNA replication efficiencies. 
Taken together these results suggest that the S299T mutation does not affect protein 
synthesis or processing. Therefore this mutation probably affects the 3Dpol activity 
possibly by enhancing its function in RNA replication efficiency.   
 
MODELING OF THE CVB3 3DPOL SER299 REGION  
To visualize the location of the S299 in the CVB3 3Dpol RdRP, a homology model of 
this protein was constructed. The model was built using the homologous 3Dpol domain of 
poliovirus (27), which has a sequence identity of 73%, as a template. As depicted in figure 
4, S299 is located near, but is not a part of, the 3D nucleotide binding pocket. The 
orientation of the depicted NTP is extrapolated from the observation in the poliovirus 3D-
GTP complex (27). For illustrative purposes the NTP was rotated such that the phosphate 
groups are positioned above the active site aspartate residues (D329 and D330), the 
orientation required for enzymatic activity to take place (26). The hydrogen bond of D238 
to the 2' OH of the incoming NTP was however retained, as proposed previously (27).  
 
 
 
Figure 4: Model of the CVB3 3Dpol S299 surrounding region. S299 is shown in magenta, other discussed amino 
acids are indicated in purple. Dotted lines indicate hydrogen bonds. The incoming nucleotide is indicated in blue. 
For further details see text. For full colour figure see page:157. 
 
The model predicts that the hydroxyl group of S299 hydrogen bonds to the backbone 
amide of G328. This glycine is part of the active site GDD motif, which is almost 
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universally conserved in RdRPs (14). Through this hydrogen bond interaction S299 seems 
to stabilize the hairpin containing the GDD motif. Additionally, S299 is adjacent to N298, 
which was found to be important for correct nucleotide incorporation (8). N298 hydrogen 
bonds to D238, which in its turn hydrogen bonds to the 2' OH of the incoming NTP (27). 
The activity of RdRPs is extremely sensitive to the orientation of D238 (8,27). As such S299 
might play an important role in the correct positioning of N298 to D238 within the 
nucleotide binding pocket. 
Based on the model, it can be concluded that S299 seems to interact with and is 
adjacent to residues that bind nucleotides.  
 
DISCUSSION 
An enterovirus polymerase mutant displaying enhanced propagation kinetics at 
elevated temperatures appears to be a rare finding. Thus far in vivo, 3Dpol mutants have 
been reported to replicate, at best, with wild-type like kinetics at ambient temperatures 
and with reduced fitness at elevated temperatures (5,23). This report described the 
emergence of an U6805A reversion in an OriR mutant virus under selective temperature 
pressure thereby introducing a S299T mutation within 3Dpol. The 3Dpol S299T mutation by 
itself exhibited higher replication kinetics compared to wild-type CVB3. A 3Dpol 
homology model, built using the homologous 3Dpol domain of poliovirus, suggested that 
S299 is located within the nucleotide binding pocket adjacent to and interacting with 
residues involved in nucleotide binding.  
The 3Dpol mutation was found during plaque analysis at 39°C of a slow growing virus, 
containing a poliovirus-like OriR mutation in CVB3. Noteworthy is that individually 
deleting either the A7348 or enlarging the nine-nucleotide (C7355-C7363) spacer to twelve 
nucleotides, which comprised this poliovirus-like OriR mutation, seemed hardly, if at all, 
to affect virus replication at both 36°C and 39°C (31). The OriR/ S299T double mutant was 
found to replicate with wild-type kinetics at 36°C and 39°C. These data suggested that the 
S299T substitution served as a second site suppressor mutation by compensating for the 
loss in propagation efficiency induced by the OriR mutation. A possible explanation was 
that the alternate RNA structure induced by the poliovirus-like OriR mutation decreased 
viral replication by affecting ribonucleoprotein (RNP) complex formation by 3CDpro (10) 
and host proteins (20,28,29) on the OriR, thereby reducing negative-strand RNA synthesis 
(32), and that the S299T mutation within 3CDpro annulled the OriR mutation by restoring 
RNP complex formation. However, when the 3Dpol S299T mutation was tested in the 
absence of the poliovirus-like OriR mutation, the viruses obtained exhibited even higher 
propagation kinetics than the wild type CVB3 at 39°C and thus the OriR/ S299T double 
mutant. This implies that the S299T mutation does not require the aforementioned 
poliovirus-like OriR mutation. Taken together, from these results it can be concluded that 
the S299T mutation does not function as a second site suppressor mutation to compensate 
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for the OriR mutation but restored virus propagation to wild type levels at 39°C, most 
probably by affecting 3Dpol activity.   
What function might residue S299 fulfil in 3Dpol activity? As predicted by the 3Dpol 
homology model S299 interacts with G328, part of the RdRP GDD motif (14), and is located 
adjacent to N298, which hydrogen bonds to D238, which in its turn hydrogen bonds to the 2' 
OH of the incoming NTP (27). The interaction of S299 with G328 is expected to be 
maintained in the presence of RNA, since the equivalent hydrogen bond in the crystal 
structure of Foot-and-Mouth Disease Virus (FMDV) RdRP formed in the presence of an 
RNA molecule was not disrupted (7). These finding together with the location of S299 near 
the nucleotide binding pocket might suggest an important role for this residue in RNA 
transcription. RdRPs have been shown to be highly sensitive for changes in the orientation 
and the position of the nucleotide binding amino acids mentioned (27) and therefore 
substituting the S299 for an alternate residue is expected to affect 3Dpol activity. The 
observation described here that the S299T mutation most probably affects 3Dpol activity 
strengthens this hypothesis.  
How would this particular mutation affect the 3Dpol function at elevated temperatures? 
The 3Dpol S299T mutation introduces an additional methyl moiety, which needs to be 
accommodated by the 3Dpol  structure, thereby possibly leading to structural alterations. 
Noteworthy is to mention that these structural changes should affect polymerase activity 
more at elevated temperatures compared to 36°C. Most probably the hydrogen bonding of 
T299 with the G328 is unaffected. As a methyl group is relatively small, the changes in the 
region around T299 are expected to be modest. However, the modest change in the D238 
orientation introduced by the glycine to alanine (G1A) mutation already severely reduced 
the enzymatic activity of the mutant polymerase, indicating that small changes can have 
large effects (8,27). Possible changes in the orientation of the critical D238 via N298 as well 
as changes in the mobility or position of the GDD loop relative to its interacting partners 
might be induced by S299T mutation. It has been reported for poliovirus that changing G327 
(G328 in CVB3) to the more bulkier alanine increased the efficiency of nucleotide 
incorporation after incorporation of a 2’-dNMP (5). The bulkier T299 might induce a 
similar change in the orientation of G328 to the incoming nucleotide at elevated 
temperatures, thereby inducing a similar effect of increased efficiency of nucleotide 
incorporation. Further studies are required to elucidate the effect of the S299T mutation on 
the catalytic activity of 3Dpol and more insight is needed why this mutation only functions 
at elevated temperatures is required. 
From the CVB3 results presented here and the high degree of sequence homology 
between enteroviruses (13), one could imagine that a threonine at amino acid position 299 
in other enteroviruses might show similar results at elevated temperatures as found in 
CVB3. However, introduction of the S298T mutation in poliovirus (equivalent to S299T in 
CVB3) did not affect virus propagation as determined by plaque analysis (Arnold and 
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Cameron personal communication). Due to the absence of a crystal structure of CVB3 
S299T or poliovirus S298T mutant 3Dpol one can only speculate about the structural 
differences possibly underlying these phenotypes. These results indicate that the effect the 
S299T mutation induces is not universal throughout all enteroviruses and therefore 
emphasizing the differences between enteroviruses on a genetic level.  
Phylogenetic analysis of 3Dpol indicated that all enteroviruses and most genotypes 
within the picornaviridea family contained a serine at the equivalent position to the S299 in 
CVB3. A threonine has only been reported for Human Rhinovirus 1B (HRV1B), Foot-
and-Mouth Disease Virus (FMDV) and Encephalomyocarditis virus (EMCV) (7,14,16). 
Therefore these results might imply that a T299 at this position has a yet to be defined 
negative effect on virus propagation in vivo, which might explain why in wild-type 3Dpol 
only a serine is found at this location. 
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MATERIALS AND METHODS 
CELLS AND MEDIA 
Buffalo green monkey (BGM) cells were grown in minimal essential medium (Gibco), supplemented with 
10% fetal bovine serum (FBS), 2 mM L-glutamine (Sigma), 100 units penicillin per ml and 100 mg streptomycin 
per ml. 
 
CONSTRUCTION OF MUTANT CDNA 
The mutations were introduced into the infectious pRibCB3/T7 construct (33) by PCR, executed by 
ThermoPerfect DNA polymerase (Integro), using synthetic oligonucleotides (Biolegio, The Netherlands). The 
DraI and SalI (underlined) digested PCR product generated with forward primer 5’-ACTCTACGCTTTAAATG 
GTTGGACTCCTTTTAG-3’ and reverse primer 5’- G8GTCGACACGCGT29CCGCACCGAATGCGGAGAAT 
TTAC4TACTGTACCGTTATCTGGTGGTTCGGTAGCACAGTAGGGTTAAG- 3’ was cloned into 
pRibCB3/T7 digested with StuI and SalI. Sequence analysis verified the presence of the correct mutation. A 
BssHII/ SalI digestion of pRibCB3/T7-Y12 and pRibCB3/T7-luc was used to constuct a luciferase construct in 
which the P1 region is replaced by the firefly luciferase gene. 
 
RNA TRANSFECTION AND VIRUS GROWTH 
pRibCB3/T7 plasmids were linearized by digestion with MluI and in vitro RNA transcripts were obtained 
using T7 RNA polymerase as described earlier (19). RNA transfections were performed on BGM-cells grown in 
minimal essential medium (MEM) supplemented with 10% fetal bovine serum (Gibco). Cells were transfected in 
duplicates with 4 µg RNA using the DEAE-dextran method (19) and incubated at 36°C under 5% CO2-
conditions until cytopathic effect (CPE) was complete. Then, the cultures were subjected to three cycles of 
freezing and thawing and the viruses were stored at -80°C.  
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3’NCR SEQUENCING OF RECOVERED VIRUS RNA 
Viral RNA extraction was performed using the GenEluteTM Mammalian Total RNA Miniprep kit (Sigma). 
RNA was reverse transcribed using Super RT (HT Biotechnology Ltd.) and RT primer 5’-GGGCCCGGGCC 
CGGGCTCGAGT18-3’ and amplified by PCR using 5’-CACTGTGTCTATAGATCTGCATAACGGGGAGCA 
CG-3’ and 5’-GGGCCCGGGCCCGGGCTCG AG-3’. Direct sequence analysis was performed on the RT-PCR 
products using primer 5’-GTTGTTTGACCCTCCCC GCG-3’ by capillary electrophoresis (3730 DNA Analyzer 
from Applied Biosystems) and Big Dye Terminator version 3 protocols (Applied Biosystems). 
 
GENOME SEQUENCE ANALYSIS OF THE RECOVERED VIRUS 
Following RNA extraction, reverse transcripts generating complete genome RT-product with primers 5’-
TTGGGATGGCGCGCTCTGCTC-3’ and 5’-CCCCCCGTCGACTTTTTTTTTTTTTTTTTTTTTC-3’, are 
mediated by SUPERSCRIPTTM II (GibcoBRL) used according to the recommendations of the manufacturer. 
PCR amplification with forward primer 5’-TTCTCCGCGGCCGCGGCTCTTAAAACAGCCTGTGGGT-3’ and 
reverse primer 5’-TTGGGATGGGCGCTCTGCTC-3’ generated a cDNA product corresponding to the first 
4250 nucleotides of the viral genome and a cDNA product of nucleotide 3850 up to 7500 was formed with 
forward primer 5’-GCAATGGAACCCCGGGTGAAGGACTATGTGGAA-3’ and reverse primer 5’-CCCCCC 
GTCGACTTTTTTTTTTTTTTTTTTTTTC-3’. The products were generated in duplicate to account for possible 
errors introduced by the DNA-polymerases during RT-PCR. A 5’-RACE-PCR on viral RNA (extracted as 
described above), in order to determine the 5’-terminal sequence, was performed using the 5’RACE system 
(Invitrogen) according to the recommendations of the manufacturer. Briefly, the RT-reaction on negative RNA 
strands was executed by SuperScript II (Invitrogen) with primer 5’-AGTGCTGAGCGAAACACTCTGC 
AAC-3’. After first strand cDNA synthesis, the original RNA template was removed using RNases. Single 
stranded cDNA was purified and terminal deoxynucleotidyl transferase (Invitrogen) added a 3’- poly(C) stretch. 
This cDNA was PCR amplified using the AAP primer (Abridged Anchor Primer; 5’RACE system, Invitrogen) 
and RT-primer, followed by a semi-nested PCR using the AUAP primer (Abridged Universal Amplification 
Primer; 5’RACE system, Invitrogen) and again the RT-primer. PCR products were ligated into a pGEM-T easy 
vector and the 5’- terminal sequence was determined. 
 
SINGLE-CYCLE GROWTH ANALYSIS 
Confluent BGM cell monolayers were infected with an MOI of 10 TCID50/cell and incubated at 36°C or 
39°C for the indicated duration (30). Each growth curve was performed in triplicate and viruses were released by 
3 cycles of freezing/thawing. Virus titers were determined by endpoint titration, as described previously  (30). 
 
PLAQUE-ASSAY 
Six-well dishes with >90% confluent monolayer of BGM cells were incubated with 10-fold virus dilutions 
in MEM for 1 h and rocked every 15 min. After absorption, the cells were overlaid with 2.5 ml of M199 (Sigma) 
containing 3% FBS, 1% glutamine, 0.5% gentamicine, 0.5% Penicilline, 0.5% Fungizone, 1% MgCl2 and 1.3% 
Na-bicarbonate in 0.6% agar (1:1 mixture with 2×M199). At 48 h or 96 h p.i., cells were fixed by methanol-
acetic acid (3:1, vol/vol) for 10 min and stained with a 0.5% crystal violet in 20% ethanol solution. 
 
ANALYSIS OF PROTEIN SYNTHESIS IN VIVO 
BGM monolayers (25 cm2) were inoculated with a multiplicity of infection (MOI) of 10 TCID50 per cell. 
After a 30 minute incubation period at 36°C, virus suspensions were replaced by fresh culture medium and 
incubated under 5% CO2 conditions at 36°C and 39°C. At various times post-infection, monolayers were washed 
3 times with PBS (pH 7.2.). Cells were incubated for 1 hour with methionine-free medium containing 10µCi of 
labeling mix (mixture containing [35S]methionine and [35S]cysteine) per ml. Cellular extracts were prepared by 
lysis with a buffer containing  0.5M Tris-HCl (pH 8.0), 0.15M Sodium Chloride, 1% Nonidet P-40, 0.05% 
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Sodium Dodecyl Sulfate (SDS), and 0.1mM phenylmethylsulfonyl fluoride. Protein synthesis was further 
analyzed by SDS-polyacrylamide gel electroforesis and autoradiography.  
 
MODELING 
A molecular model of the 3D RNA polymerase of coxsackievirus was built using an homologous structure 
of the poliovirus RNA-dependent RNA polymerase (PDB entry 1ra6), which was solved at 2.0 Angstrom 
resolution (27). An initial alignment of the coxsackie sequence to the template structure was obtained from the 
PSIPRED fold recognition server (17). The homology model was built using SCWRL (6) and then refined in 
explicit solvent using the Yamber2 force field and the associated protocol (15), which was shown to improve 
model accuracy. The quality of the final model was evaluated using WHAT_CHECK (12), which compares 
structural features of the model to a data base of high resolution X-ray structures. The quality of the model was 
found to be comparable to that of the initial template structure. A coordinate file is available from the authors 
upon request. 
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The genus Enterovirus belongs to Picornaviridae, a family comprised of small, non-
enveloped, lytic RNA viruses. The vast majority of enterovirus infections is self-limiting 
and elapses asymptomatically. However, enteroviruses have also been identified as 
etiological agents of febrile illnesses, respiratory illnesses, paralytic poliomyelitis, 
encephalitis and aseptic meningitis. Additionally, they are associated with a number of 
chronic inflammatory diseases such as myocarditis and insulin-dependent type 1 diabetes. 
Enteroviruses contain a single-stranded RNA genome of positive polarity of 
approximately 7,500 nucleotides. A small viral protein VPg (Virus Protein genome, or 
3B) is specifically linked to the 5’terminus of the viral RNA by a covalent bond. IRES-
mediated initiation of viral RNA translation yields a single polyprotein, which is 
subsequently processed to yield four structural proteins, required for capsid formation, 
and non-structural proteins. The non-structural proteins are involved in viral RNA 
replication and/ or creating an environment suitable for efficient RNA replication. RNA 
synthesis takes place in specialized compartments, the replication complexes, present at 
the outer surface of virus-induced (cellular) membrane vesicles. Enterovirus RNA 
replication is a two-step process in which virion/input RNA is used as a template for 
generation of a complementary negative RNA strand. This results in the formation of a 
genome length double stranded RNA molecule termed the “replicative form” (RF). The 
catalysis of multiple rounds of positive-strand RNA synthesis is initiated at the 3’-end of 
the negative-strand, possibly by reiterative destabilization of the 5’-positive/ 3’-negative 
RF end, generating a partially double and partially single-stranded RNA molecule; 
consisting of a single negative strand and multiple positive strands, called the “replicative 
intermediate”, (RI). Ultimately, a large pool of progeny RNA of positive-polarity is 
produced using the negative-strand as a matrix. The newly synthesized RNA is released 
from the replication complex and may then be used in another round of translation and 
subsequent replication, or is encapsidated to produce infectious virus particles. Finally, 
virus-induced lysis of the host cell accounts for the release of virus progeny. Chapter 1 of 
this thesis provides a more extended review on enterovirus classification, genome 
organization and the proteins and RNA structures involved in genome replication. 
 
The enterovirus RNA genome contains RNA structures dubbed cis-acting replication 
elements, which, in concert with replication proteins, have been speculated to regulate 
RNA replication. The experiments described in this thesis were performed to elucidate the 
role of two such cis-acting replication elements, i.e. the OriI (2C-comding region) and the 
OriR (3’NCR and 3’-poly(A) tail), in enterovirus RNA replication, using coxsackie B3 
virus (CVB3) as a model.  
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OVERVIEW OF THE MAIN FINDINGS DESCRIBED IN THIS THESIS 
Chapter 2 describes the structural and functional analysis of the CVB3 OriI. We 
provide evidence that the OriI adopts a stem-loop conformation, which upon disruption 
interferes with viral RNA replication in vivo. The OriI was found to serve as the primary 
template for the covalent linkage of uracil residues to VPg.  A positive correlation exists 
between the ability of mutant OriIs to serve as a template for VPg uridylylation in vitro 
and the capacity of these mutants to support viral RNA replication in tissue culture. 
Making use of an in vitro translation / replication system we found that a complete 
disruption of the OriI structure interfered with positive-strand RNA synthesis but not with 
negative-strand synthesis. OriI point mutants, however, were found to exhibit a marked 
decrease in the efficiency to induce negative-strand synthesis.  
In Chapter 3 and Chapter 4 we discuss the investigation of the structural and 
functional integrity of the OriR required for virus replication. The CVB3 OriR is 
composed of three stem-loop elements X, Y, Z and a higher-order RNA structure 
maintained by an intramolecular kissing interaction that exists between the two helical 
elements X and Y. Altering the number or the identity of the single-stranded nucleotides 
bridging the coaxial helices (Y-X and K-Y linkers) severely affected virus replication, 
concluding that the intrinsic connection between OriR structure and function is fine-tuned 
by the spacing in-between the coaxial RNA helices (Chapter 3). More drastic mutations, 
as substituting the entire OriR for a random sequence or a partial or complete OriR 
deletion, also severely affected virus replication efficiency, again indicating that a correct 
structural integrity is required for efficient RNA synthesis but also concluding that this 
RNA element is not absolutely required for virus replication in vitro (Chapter 4). The in 
vitro translation / replication system indicated that the OriR is involved in the initiation of 
negative-strand RNA synthesis, but that this element does not dictate the site of initiation 
on the 3’-poly(A) tail (Chapter 4). On the other hand the OriR was found to be involved 
in progeny RNA polyadenylation (for putative mechanisms see below), since purified 
OriR mutant viruses contained a shortened 3’-poly(A) tail (Chapter 4). Poly(A)-lacking 
genomes in the presence of an altered OriR structure were able to acquire genetically 
unstable AU-rich poly(A)-terminated 3’-tails, which may be generated by a mechanism 
distinct from the cognate viral RNA polyadenylation which requires a correct OriR 
(Chapter 4). 
The investigation of the functional significance of the domain Z, an enterovirus B- 
specific OriR element, is described in Chapter 5. It was found that the Z-domain is 
virtually dispensable for viral growth in tissue culture. However, in mice this mutant was 
found to be less virulent than wild-type CVB3. Although, pancreatic tissue from mice 
infected with wild-type virus and recombinant virus was equally affected, heart tissue 
from mice infected with mutant virus only showed slight signs of myocarditis.  
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Chapter 6 describes the examination of an OriR mutant virus containing a reversion 
within the 3Dpol coding region, introducing a Ser299Thr mutation. The 3Dpol mutation, in 
the absence of the OriR mutation, exhibited virus propagation levels even exceeding those 
observed for wild-type CVB3 at elevated temperatures. A computer generated structure 
model of the CVB3 3Dpol, based on the poliovirus 3Dpol structure, suggested that Ser299 is 
not directly involved in nucleotide binding, but interacts with Gly328, a residue part of the 
active site GDD motif almost universally conserved in RdRPs. These results suggest that 
Ser299 is involved in nucleotide incorporation. 
 
STRUCTURE-FUNCTION OF THE ORII 
At the beginning of this project a stem-loop structure OriI within the poliovirus 2C-
coding region was found to be an absolute requirement for poliovirus replication (Chapter 
2). The OriI element served as the primary template for the in vitro linkage of uracil 
residues to VPg, generating VPg-pUpU via a “slide-back” mechanism (reviewed in 
Chapter 1). A mutant containing a completely disrupted OriI structure did not affect 
negative-strand RNA synthesis, indicating that this RNA element is not required for 
negative-strand RNA synthesis (3,6,7, Chapter 2). In addition this thesis shows, however, 
that introducing point mutations at critical sites within the OriI structure disrupts the 
initiation of both negative- and positive-strand RNA synthesis (Chapter 2), concluding 
that the OriI is involved in the initiation of negative-strand RNA synthesis.  
Results obtained using the in vitro translation/ replication assay validated the “slide-
back” mechanism theory, since mutating the A5 in the OriI loop appeared to affect 
negative-strand RNA synthesis more than other loop mutations (Compare fig 3 with Fig 4, 
Chapter 2). The overall process of VPg uridylylation in vivo probably consists of 
numerous steps occurring in an orchestrated manner and is most probably initiated by 
precursor proteins, which only after catalysis resemble the purified components used in 
the in vitro VPg uridylylation assay (i.e. 3Dpol, 3CDpro, VPg and OriI transcript RNA), as 
shown in Chapter 2. Moreover, VP uridylylation requires membranes, which are absent in 
the in vitro assay. This implies that a membrane bound precursor, which additionally 
displays affinity for RNA (i.e. OriI) and/or proteins (i.e. 3CDpro and 3Dpol), is utilized as a 
substrate in the uridylylation reaction. Further research is required to identify the 
precursor(s) involved in in vivo VPg uridylylation.  
Additionally, a number of members within the picornavirus family have been reported 
to contain a simple stem-loop structure within their genome enabling VPgpUpU synthesis. 
The position of these OriIs varies within the different viral genomes, although, their size 
is similar. The reasons behind the variable position of OriI in different Picornaviruses still 
remains obscure, as does the finding that this entire structure revolves around the correct 
positioning of two adenosine residues to generate VPgpUpU. Surprisingly, these two 
critical adenosine residues are not prominently exposed outward of the OriI loop to 
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support VPg uridylylation (8). Why only these two residues in this particular stem-loop 
configuration allows VPgpUpU synthesis in vivo and how this stem-loop is recognized 
remains to be determined.  
 
STRUCTURE-FUNCTION OF THE ORIR 
STRUCTURE OF THE ORIR 
A large number of residues within the CVB3 OriR were mutated to better understand 
its structure-function relation (Chapters 3, 4, 5 and 6). Since deletion of the Z-domain did 
not affect replication kinetics in vitro (Chapter 5), or affect poly(A) size (Chapter 4), we 
proposed that the upper part of the OriR structure containing the X, Y and K-domain and 
the Z-domain could be regarded as separate entities of the same RNA structure. Obviously 
we are aware of the limitations to understand large RNA structures by studying the effects 
of altering structural domains using biochemical/virological approaches, however, as long 
as large complex RNA molecules elude high-resolution structure determination by nuclear 
magnetic resonance (NMR) or X-ray crystallography, virological/ biochemical 
experiments are important to elucidate the structure-function relationship of RNA 
elements. Improved methods for isotopically labelling RNAs and recent advances in NMR 
techniques (reviewed in 11) make it now feasible to perform a structure determination of 
RNAs up to 35kDa. These new NMR techniques might possibly enable the generation of 
a three-dimensional structure of the upper part of the OriR .  
 
FUNCTIONS OF THE ORIR IN THE ENTEROVIRUS LIFE-CYCLE 
 At the beginning of this project, our understanding of the OriR function in the 
enterovirus life-cycle was poor. Currently, this element is believed to be involved in 
several crucial steps in the viral life-cycle; i) IRES- mediated translation (2), ii) initiation 
of negative-strand RNA synthesis, iii) positive- strand RNA synthesis (1) and iv) 
polyadenylation. 
 
i. ROLE OF THE ORIR IN ENTEROVIRUS TRANSLATION 
It was reported that the enterovirus OriR might be involved in long range interactions 
with the IRES-element to control IRES-mediated gene expression in certain cell-types (2). 
This was concluded from the observation that a deletion of the CVB3 Z-domain in a 
CVB3 replicon containing a human rhinovirus (HRV) IRES did not show wildtype 
replication kinetics in neuronal cells, in contrast to HeLa cells. Substituting the CVB3 
OriR with the HRV OriR or replacing only the CVB3 Z-domain with the HRV OriR 
restored the replication kinetics in neuronal cells to wild-type levels. Chapter 5 describes 
similar results for CVB3 since a deletion of the Z-domain did not affect virus replication 
in vitro (BGM-cells) but this virus mutant was clearly less virulent in mice compared to 
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wild-type CVB3. Additionally, replication in the heart of the ∆Z mutant seemed to be 
abortive since only slight signs of cardiomyopathy were observed. Although not 
investigated, the deletion of the Z-domain as described in Chapter 5 might also be 
attributed to a reduction in IRES-mediated RNA translation levels in certain cell types 
following injection in mice. Lower levels of translation obviously affect RNA replication, 
thereby limiting the systemic spread of progeny virus throughout the host organism and 
ultimately reducing virus virulence (10). The unknown composition of the long-range 
interaction and the molecular mechanisms behind the decreased cardiomyopathy observed 
in the Z-domain deletion mutant raises intriguing questions on enterovirus pathogenicity. 
 
ii. ROLE OF THE ORIR IN ENTEROVIRUS NEGATIVE-STRAND RNA SYNTHESIS 
At the beginning of this project, the mechanism by which enteroviruses initiate 
negative-strand RNA synthesis was largely unknown. It was clear, however, that initiation 
of replication i) had to commence at the 3’-terminal poly(A) tail of positive RNA strands 
to ensure the full-length synthesis of complementary minus-strands and the subsequent 
progeny RNA, ii) enterovirus (poliovirus) RNA polymerase activity is strictly primer 
dependent, iii) 5’-termini of both positive- and negative-RNA strands are covalently 
linked to a small viral peptide, VPg (reviewed in Chapter 1).  
In this thesis, the initiation site of negative-strand RNA synthesis on the 3’-poly(A) 
tail has been mapped to approximately 20 residues downstream of the OriR (Chapter 4). 
Additionally, the OriR controls the initiation efficiency of negative RNA synthesis 
(Chapter 4), which favours the hypothesis that the OriR regulates the initiation site of 
negative strand RNA synthesis on the 3’-poly(A) tail. As described in Chapter 4, this 
however appeared not to be the case since the absence of the functional OriR structure, 
which did severely affect virus RNA replication, did not alter the size of the 5’-poly(U) 
tail. Several alternate mechanisms for such a control can be considered. One may propose 
that binding of the viral polymerase (within an ribonucleoprotein (RNP) complex or 
otherwise) to the OriR is a prerequisite for efficient initiation of negative-strand RNA 
synthesis or that the very presence of OriR makes the poly(A) tail more accessible for the 
initiation complex. To date, the mechanism by which the OriR is involved in negative-
strand RNA synthesis remains elusive and requires further investigation. 
  
iii. ROLE OF THE ORIR IN ENTEROVIRUS POSITIVE-STRAND RNA SYNTHESIS 
Besides its role in negative-strand RNA synthesis, the OriR has been reported to fulfil 
a function during positive-strand RNA synthesis (1). An isolated poliovirus mutant 
containing a complete genomic deletion of the OriR only showed a minor defect in RNA 
replication infect when infecting HeLa cells. Infection of neuronal cells, however, showed 
a more severe effect on virus growth. Analysis of the deficiency of RNA replication 
7 
SUMMARY AND GENERAL DISCUSSION 
         CHAPTER 7 135 
indicated that the OriR deletion negatively affected positive-strand RNA synthesis in 
neuronal cells.   
 
iv. ROLE OF THE ORIR IN ENTEROVIRUS RNA POLYADENYLATION 
The existence of an approximately 4 times longer poly(A) compared to its poly(U) 
template indicates that polyadenylation of viral RNA is not limited to the faithful copying 
of the template (Chapter 4). 3’-RACE indicated that a complete removal of the OriR 
structure produced viruses containing a 3’-poly(A) tail of only 20 residues, therefore 
similar in size to the templating 5’-poly(U) tail of the complementary negative-strand 
(Chapter 4). Additionally, separate deletion of the three OriR domains (i.e. X, Y and Z) 
indicated that the Z-domain was not involved in polyadenylation (Chapter 4). Since the 
poly(A) is markedly shortened in the absence of OriR, the mechanism should involve this 
cis-element. Additional polyadenylation may be due to either reiterative usage of the 
poly(U) template by 3Dpol or a nontemplated reaction catalyzed by a terminal nucleotide 
transferase (TNT)-like enzyme or poly(A) polymerase (Chapter 4). Unraveling the 
mechanism of viral RNA polyadenylation further increases our understanding of virus 
replication. 
Thus far, a function for these additional poly(A) residues, which are not involved in 
poly(U) templating, remains obscure. A short 3’-poly(A) tail sufficiently supports PABP 
binding therefore enabling circularization of the virus genome (4; Chapter 4); a 
conformational change required to initiate negative-strand RNA synthesis (Chapter 1). As 
a result, initiation of negative-strand RNA synthesis in the context of a wild-type OriR 
structure seems not to be hampered by a shortened 3’-poly(A) tail, since a 3’-poly(A) tail 
of approximately 20 nt already accumulated levels of RF similar to those observed for 
wild type RNA in vitro (Chapter 4). Interesting questions that still remain to be answered 
are; What would then be the functional significance of elongating the 3’-poly(A) tail to 
approximately 90 residues? Do these additional residues provide stability or enhance 
efficiency of negative-strand RNA synthesis in vivo or do these additional residues serve 
no particular function and are therefore redundant? 
 
FUNCTIONAL ORIR RIBONUCLEOPROTEIN- RNA INTERACTIONS 
Thus far, only limited information is available regarding protein-RNA interactions, or 
so-called ribonucleoprotein (RNP) complex formation, on the enterovirus OriR, since 
only 3CDpro has been found to interact with this element (Chapter 1). It has been 
speculated that the cross-talk (Chapter 1) might be important for the simultaneous 
interaction with ligands, most likely required to form an RNP composed of viral and/ or 
host proteins. Additionally, these protein-RNA interaction might also involve the single-
stranded regions within the OriR (Chapter 3), however, experimental evidence is still 
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lacking. Reducing the Y-X and K-Y linker size severely decreased the efficiency of virus 
propagation, whereas increasing the size only had a mild if at all effect on virus 
propagation (Chapter 3). Reduction in linker size could induce an altered geometry of the 
overall OriR structure thereby inhibiting protein binding and thus efficient virus 
propagation. Alternatively, shortened linkers can prohibit RNP complex formation due to 
steric hindrance and/ or the absence of recognition signals. Results described in Chapter 6 
might be in line with the latter hypothesis, since mutating the single-stranded regions 
bridging the Y-stem and K-domain generated a second-site reversion within the 3Dpol 
coding region, mutating a serine  at amino acid position 299 to a threonine. This 3Dpol 
mutation might have restored the RNA-protein interaction between the OriR and 3Dpol (or 
3Dpol containing precursor), which therefore might be interpreted as biological evidence of 
a 3Dpol (or 3Dpol containing precursor)-OriR interaction. Also an intact OriR structure is 
required for the formation of a (functional) RNP complex to support progeny RNA 
polyadenylation (Chapter 4). The OriR was hypothesized to interact with 3Dpol (to 
support reiterative usage of the 5’-poly(U) template) or with a terminal nucleotide 
transferase (TNT)-like enzyme or poly(A) polymerase. The protein(s) involved still need 
to be identified. Furthermore the reduced cardiomyopathy observed in mice inoculated 
with a virus containing a Z-domain deletion (Chapter 5) might also be attributed to the 
loss of a functional RNP complex.  
Therefore, knowledge of OriR-RNP formation is essential for the understanding of the 
complexities of virus replication.  
 
VIRAL RNA SYNTHESIS: NEW INSIGHTS AND FUTURE PERSPECTIVES 
REFINED MODEL FOR THE INITIATION OF NEGATIVE STRAND RNA SYNTHESIS 
Findings that both the 3’-poly(A) tail and the OriI could serve as a template in vitro 
for the covalent linkage of uracil residues to VPg and the finding that prior to the initiation 
of negative-strand RNA synthesis the enterovirus genome adopts a circular conformation 
resulted in the two initiation models of negative-strand RNA synthesis described in 
Chapter 1.  
With the results presented in this thesis the model for the initiation of negative-strand 
RNA synthesis can be refined. OriI derived VPgpUpU is used as the peptide-primer to 
induce negative-strand RNA synthesis (Chapter 2) on the 3’-poly(A) tail at approximately 
20 residues downstream of the OriR (Chapter 4), therefore eliminating the model 
suggesting that the 3’-poly(A) tail is used as a template for VPgpUpU synthesis (Chapter 
1; Fig 5 A2). To commence RNA transcription, VPgpUpU needs to be transferred from 
the OriI to this initiation site on the 3’-poly(A) tail, which are separated by approximately 
3500 residues. Circularization of the virus genome prior to the initiation of negative-
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strand RNA synthesis is mediated by a protein-protein bridge between the OriL and the 
3’-poly(A) tail. In this model, all required cis- and trans acting factors are positioned in 
close proximity to the 3’poly(A) tail. The OriR was identified as an additional cis-acting 
element required for the efficient initiation of negative-strand RNA synthesis, but is not 
involved in the positioning of OriI derived VPgpUpU onto the 3’-poly(A) tail (Chapter 
4). This might imply that this step is regulated by either the OriI itself or the OriL, which 
is also required for VPg uridylylation (5). The results described in this thesis support a 
model which suggests that prior to the initiation of negative-strand RNA synthesis the 
enterovirus genome adopts a more heart-shaped like structure than a circular one (Fig. 1). 
This heart-shaped model is maintained by the same protein-protein interactions as 
described for the circularisation model (Chapter 1; Fig 5 A1). Based on the heart-shaped 
model (Fig. 1), OriR bound to proteins (e.g. 3CDpro) could be involved in the 
circularisation of the genome by enhancing the stability of the PCBP-PABP interaction. 
Alternatively, proteins (e.g. 3CDpro) bound to the OriR might also stabilize the position of 
the OriI in the heart-shaped model. To date, however, the exact mechanism by which 
negative-strand RNA synthesis is initiated remains elusive. 
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Figure 1: Heart-shaped model representing enteroviral negative-strand RNA synthesis.  An RNP complex 
formed around the 5’-terminal cloverleaf structure interacts with PABP bound to the 3’-terminal poly(A) tail, 
thus linking the ends of the enteroviral RNA and effectively circularizing the enterovirus genome as previously 
suggested (4). VPg is uridylylated by 3Dpol on the OriI, a reaction catalyzed by 3CDpro, which occurs in close 
proximity to the 3’-terminal poly(A) tail mediated by protein-protein complex formation (here represented by 
3CDpro). Subsequently, the close proximity allows an efficient transfer of the produced VPgpUpU from the OriI 
to the 3’-poly(A) to initiated negative-strand RNA synthesis (indicated by the arrow). 
 
NEW INSIGHT IN THE INITIATION OF POSITIVE-STRAND RNA SYNTHESIS  
Both the positive and the negative strand RNA synthesis have been found to require 
OriI derived VPgpUpU to prime viral RNA replication (Chapter 2). Moreover, a 
minimum amount of uridylylated VPg seems to be needed in order to initiate positive-
strand RNA synthesis (Chapter 2). Although a model describing the transfer of OriI 
derived VPgpUpU in cis for the initiation of negative-strand RNA synthesis has been 
provided (Fig. 1), the question remains whether a similar transfer of VPgpUpU in cis 
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exists for the initiation of positive-strand RNA synthesis. A mechanism in cis, involving 
the internal OriI might imply extensive unwinding of the double-stranded replicative form 
prior to the initiation of positive-strand RNA synthesis. Alternatively, the excess of 
uridylylated VPg produced  preceding negative-strand RNA synthesis might be used for 
the initiation of synthesis of the first positive RNA strand (Chapter 2). When transcription 
is initiated, the duplex unwinding activity of 3Dpol generates single-stranded RNA of 
positive polarity, which could support the VPgpUpU requirement for the reiterative 
initiation of positive-strand RNA synthesis on the complementary negative strand 
(Chapter 1). Investigation of such an in cis mechanism exists brings us one step close to 
the revealing of the mechanism by which positive-strand RNA synthesis is initiated.  
 
CONCLUDING REMARKS 
The main objective of the studies described in this thesis was to obtain more insight 
into the functional and structural aspects of two cis-acting replication elements, the OriI 
and the OriR. The results indicated that both the OriI and the OriR form RNP complexes 
to execute their function. The OriI encodes part of the enterovirus 2C protein but also 
serves as the primary template to generate the virus peptide primer, VPgpUpU, which was 
found to be required for the initiation of both negative- and positive- strand RNA 
synthesis. The OriR had previously been described as a RNA element not essential, 
although deletion severely affects the efficiency, for virus replication (9), however, 
evidence is provided here that the OriR is a multifunctional RNA element involved in 
several important steps of the enterovirus life-cycle; i) initiation of negative-strand RNA 
synthesis, ii) polyadenylation of progeny RNA and iii) enterovirus pathogenicity. This 
indicates this 3’-terminal element is used very efficiently to maximize the output of the 
genetic information within the small enterovirus genome.  
Further studies are required to elucidate the role of both the OriI and OriR in the 
enterovirus life-cycle. These studies should focus on i) the molecular mechanism of OriI 
derived VPgpUpU transfer to the 3’-poly(A) tail prior to negative-strand synthesis, ii) the 
requirement of OriI derived VPgpUpU for positive-strand RNA synthesis, iii) the 
complex three-dimensional RNA structure of the OriR, iv) OriR PNP complex formation, 
v) the molecular mechanism of OriR involvement in negative-strand RNA synthesis and 
vi) the molecular mechanism by which the OriR regulates progeny RNA polyadenylation. 
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ENTEROVIRUSSEN 
Het genus Enterovirus behoort tot de familie van de Picornaviridae, een familie van 
kleine RNA virussen. Enkele bekende enterovirussen zijn de poliovirussen, 
coxsackievirussen en ECHO-virussen. Andere vertegenwoordigers van de Picornaviridae- 
familie zijn rhinovirussen (verkoudheidsvirus), hepatitis A virus en het mond-en-
klauwzeer virus. Enterovirussen zijn humaan pathogenen die een breed spectrum aan 
verschillende ziekten kunnen veroorzaken. Hoewel de meeste infecties symptoomloos  
verlopen, kunnen deze virussen ernstigere aandoeningen veroorzaken zoals poliomyelitis 
en meningoencefalitis. Tevens worden ze in verband gebracht met chronische 
aandoeningen zoals myocarditis en diabetes mellitus.  
Enterovirussen zijn kleine virussen die een enkelstreng RNA molecuul als drager van 
hun erfelijk materiaal bezitten dat omwikkeld is door een eiwitmantel (capside). Het virale 
RNA is van positieve polariteit, wat betekent dat dit RNA na binnenkomst in de 
gastheercel direct gebruikt kan worden voor eiwitproductie. Virale infectie start door de 
binding van het viruspartikel aan een specifieke cellulaire receptor aan de buitenkant van 
de cel, waarna het virusdeeltje wordt opgenomen door de cel. Het virale RNA wordt 
ontdaan van zijn eiwitmantel en via een cap-onafhankelijk mechanisme direct vertaald 
(getransleerd) in een enkel eiwit. Dit eiwit wordt door virale enzymen vervolgens geknipt 
in kleinere eiwitten die onderverdeeld kunnen worden in structurele (capside) eiwitten en 
niet-structurele (replicatie) eiwitten. De capside eiwitten vormen de bouwstenen voor een 
nieuwe eiwitmantel en de replicatie eiwitten zijn verantwoordelijk voor 
vermenigvuldiging van het virale erfelijke materiaal (genoom). Om de vermenigvuldiging 
van het erfelijke materiaal efficiënt te laten verlopen, manipuleert het virus verschillende 
structuren en functies van de gastheercel. Na genoom vermenigvuldiging worden de 
nieuwe virus genomen vervolgens weer ingepakt in eiwitmantels zodat deze viruspartikels 
vormen. Uiteindelijk breekt de cel open waardoor de nieuw gevormde virus partikels 
vrijkomen.  
 
ENTEROVIRUS GENOOM REPLICATIE 
Genoom vermenigvuldiging vindt plaats in gespecialiseerde compartimenten in de cel 
verkregen van endoplasmatisch reticulum en golgi- membranen. Vermenigvuldiging start 
op de 3’-poly (A) staart met de synthese van een RNA streng met een polariteit die 
tegengesteld is aan die van het erfelijke materiaal, de zogenaamde “min- streng”. 
Productie van deze min- streng resulteert in een dubbelstrengs RNA molecuul, dat 
“replicative form” (RF) wordt genoemd. De min- streng fungeert vervolgens als 
afleesvenster voor de productie van een groot aantal nieuwe RNA strengen met plus 
polariteit. Doordat van één min- streng tegelijkertijd meerdere plus- strengen worden 
afgeschreven, resulteert dit in een deels dubbelstrengs en deels enkelstrengs RNA 
molecuul, “replicative intermediate” (RI) genaamd. Wanneer het replicatie complex aan 8 
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het 5’- uiteinde van de min- streng aankomt, laten de nieuw gevormde plus- strengen los 
van de min- streng en worden ingekapseld door capside eiwitten. Iedere stap in 
enterovirus RNA vermenigvuldiging start wanneer een klein specifiek molecuul, de eiwit- 
primer VPgpUpU, zich bindt aan het  3’-uiteinde van enerzijds de plus- streng (voor min- 
streng formatie) en anderzijds de eiwit- primer bindt aan het 3’-uiteinde van de min- 
streng (voor plus- streng productie).  
RNA is niet statisch, maar vouwt zich in allerlei vormen, structuren genaamd. Door 
het vormen van verschillende structuren is het enterovirale RNA in staat om met dezelfde 
genetische informatie, RNA translatie alsook RNA replicatie te reguleren. Men kan stellen 
dat de structuren fungeren als signaal elementen waaraan doorgaans specifiek eiwitten 
binden die noodzakelijk zijn voor het starten van RNA translatie of vermenigvuldiging. 
De uiteinden van het virale plus- streng RNA bevatten vele structuren die noodzakelijk 
zijn voor virale genoom vermenigvuldiging. Dit gaat als volgt: de RNA structuren aan het 
uiteinden van het genoom binden eiwitten, en deze eiwitten binden op hun beurt weer aan 
elkaar. Als gevolg van deze eiwit- eiwit binding worden beide uiteinden van het virale 
genoom aan elkaar gebonden. Het totale virale genoom vouwt zich in één grote “lus”, een 
proces dat “genoom circularisatie” wordt genoemd. Genoom circularisatie is van 
essentieel belang voor virale RNA replicatie. Hoofdstuk 1 geeft een  meer gedetailleerde 
beschrijving van virale RNA vermenigvuldiging en licht de RNA structuren toe, die 
essentieel zijn voor efficiënte virus RNA vermenigvuldiging. 
 
DE RNA ELEMENTEN: ORII EN ORIR  
In dit proefschrift staat de structuur- functie analyse van een tweetal RNA structuren 
in het genoom van het coxsackie B3 virus centraal, namelijk de OriI en de OriR.  
 
STRUCTUUR - FUNCTIE ANALYSE VAN DE ORII 
Zoals hierboven vermeld, start virale RNA vermenigvuldiging met min- streng  RNA 
formatie wanneer een klein specifiek molecuul, de eiwit- primer VPgpUpU, bindt aan het 
uiteinde van de plus- streng. Aan het begin van dit project was het niet duidelijk waar 
deze eiwit- primer vandaan kwam. Door het aanbrengen van veranderingen, mutaties, in 
het virale genoom werd een RNA structuur, de OriI, gevonden in het midden van het 
virale genoom, welke noodzakelijk bleek te zijn voor virus vermenigvuldiging. Onderzoek 
liet zien dat deze RNA structuur twee functies heeft. Enerzijds bevat deze RNA structuur 
genetische informatie voor een deel van één van de replicatie eiwitten en anderzijds vindt 
op deze RNA structuur de productie van de bovengenoemde eiwit- primer, VPgpUpU, 
plaats. Mutaties in deze RNA structuur resulteerde dit in bijna alle gevallen tot een 
afname en in sommige gevallen zelfs tot een volledige remming van de eiwit- primer 
productie (Hoofdstuk 2). De veronderstelling was dat deze RNA structuur de eiwit- primer 
produceerde die gebruikt wordt voor het starten van de virale RNA vermenigvuldiging, 
8 
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dus de min- streng RNA formatie. Experimenten lieten zien dat dit inderdaad het geval is: 
de productieniveaus van de eiwit- primer correleerden direct met de hoeveelheden 
geproduceerd min- streng RNA. Wanneer er geen eiwit- primer geproduceerd werd, vond 
ook geen min- streng RNA formatie plaats. Tevens werd gevonden dat er een minimale 
hoeveelheid eiwit- primer geproduceerd diende te worden om zowel min- streng RNA 
alsook plus- streng  RNA te maken. (Hoofdstuk 2).  
Min- streng RNA formatie start op het 3’- uiteinde van de plus- streng, de eiwit- 
primer die noodzakelijk is voor deze stap wordt echter geproduceerd op een RNA 
structuur, de OriI, in het midden van het virale genoom. Daarom wordt verondersteld dat 
de eiwit- primer na productie op de OriI via een mechanisme naar het uiteinde van het 
plus- streng RNA wordt getransporteerd om min- streng RNA productie te starten. Een 
mogelijke kandidaat die hiervoor verantwoordelijk kan zijn, is de OriR (zie hieronder), 
een RNA structuur die zich bevindt aan het 3’- uiteinde van het virale plus- streng RNA. 
Andere virale RNA structuren en eiwitten die mogelijk betrokken zijn bij het transport 
van de eiwit- primer voor de productie van zowel min- als plus- streng synthese worden 
bediscussieerd in Hoofdstukken 2 en 7.  
 
STRUCTUUR- FUNCTIE ANALYSE VAN DE ORIR 
De OriR bevindt zich aan het 3’-uiteinde van het genoom en wordt alleen nog maar 
gevolgd door een lange streng bestaande uit een aaneenschakeling van één en hetzelfde 
nucleotide, de 3’-poly (A) staart genaamd. Aan het begin van dit project was bekend dat 
de OriR betrokken moest zijn bij virus vermenigvuldiging. Dit was geconcludeerd uit 
experimenten waarbij mutaties in dit RNA element virus vermenigvuldiging verhinderde. 
De exacte functie van de OriR tijdens Coxsackie B3 virus vermenigvuldiging was 
onbekend. Opheldering van deze functie was het hoofddoel van dit onderzoek. 
Gezien het feit dat de OriR zich aan het 3’-uiteinde van het virale genoom bevindt, 
was de gedachte dat dit RNA element wellicht een functie vervult in min- streng RNA 
synthese. Experimenten bevestigden deze gedachte, aangezien grote veranderingen in de 
OriR structuur een negatief effect bleken te hebben op de efficiëntie van min- streng RNA 
productie in vergelijking tot onveranderd wild- type RNA (Hoofdstuk 4). Gespeculeerd 
werd dat het veranderen van de originele RNA structuur tot gevolg heeft dat de eiwitten - 
die noodzakelijk zijn voor virale RNA vermenigvuldiging - niet meer aan de OriR kunnen 
binden. Dit heeft tot gevolg dat genoom circularisering niet meer plaats kan vinden en dus 
min- streng RNA productie niet kan starten. Hoofdstukken 1, 3 en 7 geven een 
beschrijving van eiwitten die aan de OriR binden en mogelijk een functie hebben in min- 
streng RNA synthese.  
Zoals hierboven vermeld, wordt de OriR gevolgd door de 3’-poly(A) staart. Op deze 
staart bindt de eiwit-primer, VPgpUpU, zodat min- streng synthese van start kan gaan. De 
bindingsplek van de eiwit- primer op de 3’-poly(A) staart bleek nabij de OriR te liggen. 8 
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Aangezien de OriR betrokken is bij min- streng RNA formatie, was de gedachte dat de 
OriR de startpositie van min- streng RNA formatie op de 3’-poly (A) staart zou bepalen. 
Experimenten lieten zien dat dit niet het geval is. Welke RNA structuren eventueel wel 
verantwoordelijk zijn voor de positionering van de eiwit- primer op de 3’-poly (A) staart, 
wordt bediscussieerd in Hoofdstukken 4 en 7. 
Verrassend was de bevinding dat de OriR ook betrokken is bij plus- streng RNA 
productie. Doordat min- streng RNA formatie dicht bij de OriR start, hebben de nieuw 
gevormde plus- strengen, die een negatieve kopie zijn van de min- streng RNA, een korte 
3’- poly (A) staart. Resultaten beschreven in Hoofdstuk 4 geven aan dat veranderingen in 
de OriR structuur de verlenging van korte 3’-poly(A) staarten, polyadenylering genaamd, 
niet meer resulteerde in 3’- poly (A) strengen van dezelfde lengte als gevonden bij wild 
type virussen, maar dat deze niet of nauwelijks meer verlengt werden. Deze mutaties 
verstoorden dus op een één of andere manier de efficiëntie van polyadenylering. 
Aangezien het OriR element zelf geen nucleotiden kan toevoegen, wordt gespeculeerd dat 
de OriR dienst doet als signaalelement voor cellulaire en/ of virale RNA eiwitten, 
polymerases genaamd, die wel nucleotiden kunnen toevoegen. Een indirecte aanwijzing 
dat de OriR een polymerase eiwit bindt, dat wellicht de verlenging van de 3’- poly (A) 
start verzorgt, wordt beschreven in Hoofdstuk 6. Hierin wordt gemeld dat een OriR 
verandering een mutatie in het 3D polymerase coderende gebied veroorzaakt. Deze 
compenserende mutatie in het polymerase eiwit geeft aan dat de OriR en het polymerase 
eiwit wellicht aan elkaar binden en van elkaar afhankelijk zijn voor het vervullen van een 
functie. Deze functie zou mogelijk het verlengen van de 3’- poly (A) staart op nieuw 
gevormde plus- strengen kunnen zijn (Hoofdstukken 4  en 7). 
Muizenexperimenten, beschreven in Hoofdstuk 5, zijn uitgevoerd om het effect van 
een OriR mutatie in vivo te bestuderen. Het verwijderen van een specifiek deel van de 
OriR structuur bleek geen effect te hebben op de snelheid van virus vermenigvuldiging in 
celkweek. In muizen bleek deze verandering in het virale genoom echter wel een effect te 
hebben. Over het algemeen gingen er minder muizen dood, die met dit mutant virus waren 
ingespoten, in vergelijking met het onveranderde virus. Tevens bleken de muizen die 
waren ingespoten met het mutant virus minder ziek. Recentelijk is beschreven dat dit 
gedeelte van de OriR betrokken is bij de translatie van het virus RNA naar eiwitten. Het 
mogelijke mechanisme dat hieraan ten grondslag ligt, wordt bediscussieerd in Hoofdstuk 
7. 
 
CONCLUSIES EN OPMERKINGEN 
De resultaten beschreven in dit proefschrift geven meer inzicht in de vouwing van de 
RNA structuren, OriI en OriR, en hun functies gedurende virus RNA productie. Gebleken 
is dat de genetische informatie die de OriI beslaat, niet alleen codeert voor een eiwit, maar 
ook een structuur vormt waarop de productie van de eiwit-primer, VPgpUpU, plaatsvindt. 8 
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De OriR bleek ook een multifunctioneel RNA element te zijn, gezien zijn betrokkenheid 
bij a) enterovirale RNA translatie, b) min- streng RNA formatie en c) polyadenylering van 
nieuw gevormd plus- streng RNA. De veelzijdigheid aan functies van zowel de OriI als de 
OriR, wat immers maar een heel klein gedeelte van het virale genoom is, geeft aan dat 
enterovirussen optimaal gebruik maken van de beperkte hoeveelheid informatie, die hun 
genomen bevatten. Zeer waarschijnlijk zal de plasticiteit (veelvormigheid) van het virale 
RNA alsmede de capaciteit van RNA om eiwitten te binden, bijdragen aan deze 
veelzijdigheid. Deze inzichten kunnen ons begrip vergroten over RNA structuren in het 
algemeen en hoe virussen RNA structuren gebruiken voor verschillende doeleinden, 
teneinde een beter inzicht te verkrijgen in het algemene mechanisme van virus replicatie.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8 
  
 
 
 
 
 
 
 
 
CURRICULUM VITAE 
LIST OF PUBLICATIONS 
DANKWOORD 
FULL COLOR FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           148 
CURRICULUM VITAE 
 
Martinus Johannes Maria van Ooij werd op 4 juli 1978 geboren te Deurne. In juni 
1996 behaalde hij aan het Peelland College te Deurne zijn VWO diploma. Hetzelfde jaar 
begon hij zijn studie Biologie en Medisch Laboratoriumonderzoek aan de Hogere 
Laboratorium Opleiding te Eindhoven. Tijdens zijn opleiding heeft hij stage gelopen op 
de afdeling Medische Microbiologie van het Academisch Ziekenhuis Nijmegen onder 
begeleiding van dr. W.J.G. Melchers. Zijn afstudeerstage heeft hij doorlopen in Boxtel bij 
Organon Technica onder begeleiding van ing. R. van Beuningen. In juni 2000 heeft hij 
zijn examen met goed gevolg afgelegd.  
 
In augustus 2000 is hij begonnen als Onderzoeker in Opleiding werkzaam aan een 
NWO project bij de afdeling Medische Microbiologie van het Universitair Medisch 
Centrum St. Radboud. Hier voerde hij onder begeleiding van dr. W.J.G.  Melchers en dr. 
F.J.M. van Kuppeveld het in dit proefschrift beschreven onderzoek uit. In het kader van 
zijn promotieonderzoek werden een aantal werkbezoeken afgelegd, te weten bij prof. dr. 
E. Wimmer (State University of New York, Stony Brook, USA), prof. dr. C.E. Cameron 
(Pennsylvania State University, Philadelphia, USA) en prof. dr. R. Andino (University of 
California, San Francisco, USA). In 2005 heeft hij een Junior Investigator Award 
verkregen op het 23nd Europic conference te Lunteren, Netherlands.  
 
Sinds 15 juni 2005 is hij als Scientist werkzaam bij het farmaceutische 
biotechnologiebedrijf Crucell Holland B.V. te Leiden op de afdeling Process 
Development, sectie Molecular Virology.  
 
           149 
LIST OF PUBLICATIONS 
 
Merkle, I., van-Ooij, M.J.M., van-Kuppeveld, F.J.M., Glaudemans, D.H.R.F., 
Galama, M.D., Henke, A., Zell, R. & Melchers, W.J.G. (2002). Biological significance 
of a Human Enterovirus B-specific RNA element in the 3’nontranslated region. J. Virol. 
76, 9900-9909. 
 
Van Ooij, M.J.M., Vogt D.A., Paul A., Castro C, Kuijpers J, van Kuppeveld F.J.M., 
Cameron C. E., Wimmer E., Andino R. and Melchers W.J.G. (2006) Structural and 
functional characterization of the Coxsackievirus B3 CRE(2C): role of CRE(2C) IN 
negative and positive strand RNA synthesis. J. Gen. Virol., 87, 103-113. 
 
Van Ooij, M.J.M., Glaudemans, D.H.R.F., Heus, H.A., van Kuppeveld, F.J.M. and 
Melchers, W.J.G. (2006) Structural and functional integrity of the coxsackievirus B3 
oriR: spacing between coaxial RNA helices. J. Gen. Virol. 87, 689-695. 
 
Van Ooij, M.J.M., Polacek C., Glaudemans, D.H.R.F., Kuijpers, J., van Kuppeveld 
F.J.M., Andino R., Agol V.I. and Melchers W.J.G. (2006). Polyadenylation of genomic 
RNA and initiation of antigenomic RNA in a positive-strand RNA virus are controlled by 
the same cis-element. Nucleic Acids Res. 34, 2953-2965. 
 
M.J.M. van Ooij, S.B. Nabuurs, H.R.F Glaudemans, J.J. Arnold, C.E. Cameron, 
W.J.G. Melchers and F.J.M. van Kuppeveld. Biological characterization of a Coxsackie 
B3 virus revertant exhibiting a thermophilic phenotype. Manuscript in preparation. 
 
           150 
DANKWOORD 
Eindelijk! Na lange promotieperiode is mijn proefschrift dan toch klaar. Dit 
proefschrift zou zonder de (belangeloze) medewerking en steun van een groot aantal 
mensen niet in de huidige vorm tot stand gekomen zijn. Vandaar dat ik hier van de 
gelegenheid gebruik wil maken om deze mensen voor hun steun en hulp te bedanken.  
Allereerst wil ik Joep, mijn promotor, bedanken voor de gelegenheid die je mij 
geboden hebt om het in dit boekwerk beschreven onderzoek uit te kunnen voeren.  Voor 
de dagelijkse begeleiding wilde ik beide copromotores, Willem en Frank, hartelijk 
bedanken. Willem, hartelijk bedankt voor het vertrouwen door mij een baan als OIO aan 
te bieden alsook voor al je raad en daad gedurende deze periode. Gezien het feit dat je me 
vaak stimuleerde in het zoeken van mijn eigen weg, heb je me de mogelijkheden gegeven 
om me op wetenschappelijk gebied verder te ontplooien. Ik ben dan ook van mening dat 
de drie buitenlandse werkbezoeken die jij mogelijk hebt gemaakt mijn zelfstandigheid nog 
verder ten goede is gekomen. Ook wil ik je bedanken voor de 10-tallen anekdotes (“typen 
op het strand”, “Toyota Celica” en “verkeerdrempels nemen met een Volvo”) die je per 
stuk wel 25 keer hebt verteld en hierdoor mijn hoofd niet meer zullen verlaten. Deze 
“belangrijke” informatie kan ik nu doorgeven aan iedereen die het horen wil. Frank, 
alhoewel je passie meer bij het enterovirus eiwit onderzoek lag, ben ik je ontzettend 
dankbaar voor je kritisch blik ten aanzien van experimenten en artikelen. Je niet aflatende 
enthousiasme voor elke vorm van onderzoek hebben mij altijd ontzettend gestimuleerd. 
Nogmaals bedankt hiervoor. 
Erg gelukkig ben ik met het feit dat Dirk en Arjan mijn paranimfen willen zijn. Dirk, 
samen stage gelopen op het lab van Willem. Daar klikte het al meteen. Je humor heb ik 
dan ook erg gemist tijdens mijn afstuderen bij Organon Technica. Vandaar dat ik ook 
ontzettend blij was dat we gezamenlijk aan enterovirus replicatie en RNA structuren 
gingen werken. Onze gezamenlijke discussies, al dan niet werk gerelateerd, vond ik zeer 
onderhoudend. Ook jouw input is van groot belang geweest voor dit boekje. Bedankt voor 
de grote steun die je voor me was tijdens deze periode. Arjan, sportmaatje en zeer 
gewaardeerde collega. Jij hebt mij aan het denken gezet om de stap te wagen naar een 
promotie-studie. Jij bent een voorbeeld voor mij geweest tijdens mijn promotie periode. 
Gedurende mijn promotie heb ik het meest genoten van je humor en onze discussies over 
het reilen en zeilen van onze onderzoeken en werkplek. Bedankt voor je steun en je 
luisterend oor tijdens onze sportavonden waarin menig frustratie van mijn kant werd 
geuit.  
Ik had tijdens mijn promotie geen beter lab kunnen wensen met betrekking tot 
gezelligheid, steun, belangstelling en collegialiteit. Vandaar dat mijn dank groot is aan 
iedereen die er gedurende mijn promotieonderzoek werkte.  
Additionally, I want to extend my thanks to the labs I visited during my Ph.D. period 
Eckard, Aniko, Craig, Jamie, Raul and Chanti. Thanks for having me in your labs and 
           151 
helping me gain new insights into my research. I will miss the discussions we had and I 
hope we stay in touch.  
Daarnaast wilde ik graag mijn huidige collega’s bedanken en met name de Adenotjes 
in de Molecular Virology groep, voor hun interesse en steun. Tevens wil ik mijn huidige 
kamergenoot Jort bedanken voor het maken van de omslag van dit boekje. 
Ook mijn ouders, schoonouders, familie, en schoonfamilie natuurlijk mogen niet 
ontbreken. Het was lastig voor jullie om te begrijpen wat ik nu eigenlijk precies deed 
omdat het zo’n “ver van jullie bed”- show was. Hartelijk bedankt voor jullie interesse in 
mijn onderzoek. Pap en mam nu ben ik eindelijk “afgestudeerd”.  
Tot slot mijn eigen gezinnetje. Mayke, wat heb jij toch een geduld met me gehad. 
Deze 6,5 jaar zijn zeker niet gemakkelijk geweest voor je. Ik ben je ontzettend dankbaar 
voor de ruimte die je me gegeven hebt om mijn onderzoek te voltooien. Zeker aan het 
einde toen de motivatie erg laag was, heb jij me weer in het zadel geholpen. Ook de 
geboorte van onze zoon Lars heeft het voor mij niet makkelijker gemaakt. Lars, sorry dat 
papa zo vaak moest werken en hierdoor minder tijd voor je had om te spelen. Mayke en 
Lars, heel hartelijk bedankt voor jullie steun en onvoorwaardelijke liefde. Het zal me nog 
jaren kosten om het goed te maken. 
 
 
Mark 
 
 
           152 
FULL COLOR FIGURES 
 
CHAPTER 1, Figure 7: Crystal structure of the enteroviral polymerase. The individual subdomains are 
colored as follows; thumb: blue, index: green, middle: brown, ring: purple, pinky: red and palm: grey. The 
fingers (index, middle, ring and pinky) and thumb subdomains are involved in nucleic acid binding and the palm 
subdomain, exerted by its conserved motifs, is involved in several alternate functions (for details see text). 
Polymerase activity is dependent on 3Dpol oligomerization involving interface I  and II. Interface I is formed via 
the back of the palm of one molecule and the back of the thumb of another. Interface II corresponds to the back 
of the fingers of one and the top of the thumb of another. 
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CHAPTER 3, Figure 1C: Structure models of the coxsackie B3 virus OriR. This figure shows a three-
dimensional model of the closely related poliovirus OriR, obtained by Molecular Modelling (Pilipenko et al., 1996). 
The different specific domains are shown in different colours: K-domain in white; K-Y linker CCAGAUAAC
62-70
 in 
yellow; A
55
-bridging residue in light green; X-domain in cyan; Y-domain in orange; X-Y GUAAA
83-87 
linker in 
red; AGAU sequence in green; S-domain in purple. Figure 1C can be viewed as a rotating figure in the 
supplementary data of J. Gen. Virol. 87, 689-695.  
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CHAPTER 5, Figure 8: Histological lesions in the hearts of virus-infected mice. BALB/c (A, B, C, D) and 
A.CA (E, F) mice were infected with wildtype CVB3 (A, B) and CVB3 ∆Z (C, D, E, F). At day 14 p. i., the mice 
were sacrificed and the hearts were removed for histologic examination. (A) The HE-stained section of a 
wildtype CVB3-infected mouse (myocarditis score 1.6) shows numerous infiltrating lymphocytes 
(magnification: 200x). (B) Considerable fibrosis in the same region of the heart is evident in the sirius red-
stained section (magnification: 200x). (C) The HE-stained section of a CVB3 ∆Z-infected mouse (myocarditis 
score 0.7) shows one of few single necrotic myocytes (arrow) characterized by attraction of lymphocytes, 
loosing its association with the tissue, and destruction of intracellular fibrillar structures (magnification: 315x). 
(D) No fibrosis can be detected in the same region of the heart of a sirius red-stained section (magnification: 
200x). (E) Lymphocyte infiltration and (F) fibrotic lesions in the heart of an A.CA mouse infected with CVB3 
∆Z (myocarditis score: 1.4, magnification: 315x). 
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CHAPTER 6, Figure 4: Model of the CVB3 3Dpol S299 surrounding region. S299 is shown in magenta, other 
discussed amino acids are indicated in purple. Dotted lines indicate hydrogen bonds. The incoming nucleotide is 
indicated in blue. For further details see text. 
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